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SUMMARY 


An analytical and experimental investigation of the effect of vibration on 
the retention characteristics of screen acquisition systems was performed. 

The functioning of surface tension devices using fine -mesh screens requires 
that the pressure differential acting on the screen be less than its pres- 
sure retention capability. When exceeded, screen breakdown will occur and 
gas-free expulsion of propellant will no longer be possible. Vibration, 
inherent in any spacecraft operational environment, is a means by which 
that pressure differential is increased. 

In order to establish the range of the vib?ution environments to be expected, 
a survey was conducted. This survey considered present and future applica- 
tions of surface tension devices and the vibration environments that they 
would experience. 

An analytical approach to predicting the effect of vibration was de^)eloped. 
This approach considers the transmission of the vibration to the screens of 
the device and the coupling of the liquid and the screen in establishing the 
screen response, A method of evaluating the transient response of the gas/ 
liquid interface within the screen was also developed. Also considered was 
a hydrostatic model, developed under previous studies. 

A test program that would verify the analytical models and evaluate the 
effects of vibration was performed. A total of 551 vibration tests were 
performed, considering the many variables that effect the screen response. 

The pressure differential due to the vibration and the acceleration of the 
screen were measured during the tests. 

Through a direct evaluation of the test results, an understanding of many 
of the factors influencing the vibration response was gained. The pressure 
differential data allowed the harmonics, waveforms and amplitudes to be 
studied. It was found that the screen responds to the positive peak pres- 
sure (lowering the liquid pressure with respect to the gas on the opposite 
side of the screen) due to the vibration. The effects of screen weave 
orientation, vibration orientation, screen support method, screen mesh, 
liquid flow, single and dual screen elements, and liquid subcooling were 
evaluated. The hydrostatic model is capable of predicting the effect of 
low frequency sine vibration and the effect of random vibration by using 
empirical coefficients for specific screen support methods and vibration 
spectra. Limited verification of the structural dynamics model was achieved. 

Continued investigation of the effects of vibration, considering both 
empirical and theoretical based approaches, is recommended. 
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I; INTRODUCTION 


The application of surface tension systems to propellant acquisition and 
control has increased significantly in recent years. These applications 
include both high- and low-g environments, and boost and orbital mission 
phases. Most of these recent applications have employed fine-mesh screen 
systems, as opposed to sheet-metal vane devices, due to the high adverse 
accelerations encountered during the missions. Proper design of these 
fine-mesh screen devices requires a delicate balance between the bubble 
point of the screen and the pressure losses in the system. To preclude 
gas ingestion into the controlled liquid region, i.e,, screen breakdown, 
and assure delivery of single-phase liquid to the propulsion system, the 
bubble point of the screen must exceed the pressure differential imposed 
on the device during all phases of the mission. 

The pressure differential is composed of many contributions. Gravity 
forces produce hydrostatic pressures. Propellant flow produces viscous 
losses and changes in the velocity head. Vibration is another means by 
which the pressure differential can be increased, 

A surface tension device will be subjected to some form of vibration. It 
could be from a booster or from the main engines and attitude control en- 
gines of a space vehicle, even the movement of a crew can produce vibration. 
Vibration accelerates the liquid mass within a surface tension device in 
much the same way as a steady acceleration. However, due to the periodic 
nature of the vibration, interaction between the liquid, screen and surface 
tension device structure influences the pressure differential produced. 

Previous investigations have shown that vibration can contribute signifi- 
cantly CO the pressure differential acting on a surface tension device and 
have attempted to characterize the effect. Table I-l summarizes the im- 
portant prior studies. A large part of this work (Ref, I 1, 1-3 and 1-4) 
has been performed on a screen acquisition/expulsion device (tank plus 
screen system) to determine the impact of sine and random vibrations on 
expulsion capability. Initial tests performed by Orton were run with a 
spherical liner made of pleated screen and encased in an outer shell of 
plexiglass (Ref. I-l). These tests were conducted with both sine and 
random vibrations in the horizontal and vertical axes. Results showed 
good agreement with a hydrostatic model for vibration (see Chapter III for 
a discussion of this modeling technique) when applied to random and low 
frequency sine tests. Failure to correlate at higher sinusoidal frequencies 
was attributed to resonant conditions, i.e., attenuation and amplification 
of input. However, instrumentation was not placed on the device and a 
quantitative evaluation was not obtained. 

Similar tests were run by Martin Marietta using a cylindrical dual-screen- 
liner system (Ref, 1-3). Accelerometers were located on the plexiglass 
tank at various positions. Again, good correlation was obtained during 
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Table 1-1. Prior Studies 
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random and sine tests based on hydrostatic theory excef>t at certain dis- 
crete frequencies during sinusoidal inputs. However, thesu deviations co- 
incided with resonance points indicated by accelerometer readouts where 
the amplified g-level was high enough to produce screen instability based 
on hydrostatic theory, In contrast, some periods of resonance were ob- 
served at higher frequencies when screen instability was not observed, 
indicating a time or amplitude dependency. A spherical compartmented tank 
with a fine -mesh screen channel system was also tested by Martin Marietta 
during a subscale verification test program (Ref. 1-4), Results showed no 
unexpected vibration effects on the system during a series of outflow and 
non-outflow tests. 

In contrast, some tests have been performed on discrete screen elements. 
McDonnell Douglas (Ref. 1-2) subjected individual screen coupons with 
variable liquid column heights to sine vibration. A total of five dif- 
ferent screens were tested. Although a large part of the data was cor- 
related by hydrostatic analysis, a significant amount deviated from this 
approach. These deviations were attributed to resonance conditions of the 
system. However, since accelerometers were not located on the test article, 
evaluation of screen dynamics was not possible and results were inconclusive. 

The most significant prior study was performed by Martin Marietta (Ref. 1-6). 
The effect of vibration on the capillary stability of a screen and the re- 
sultant hydrostatic pressure head due both to the rigid-body motion and 
screen dyna.tics were investigated during this work. Extensive vibration 
testing of a vertical, transparent channel was conducted for both random 
and sinusoidal vibration environments. Accelerometers were located on the 
channel and screen to allow a quantitative evaluation of test results. 

With the exception of the sinusoidal vibration at frequencies near the 
screen resonance, gas ingestion across the screen was found to occur when 
the total hydrostatic head computed from the sum of the input g-level and 
the static earth gravity was approximately equal to the screen bubble 
fra into 

The effective level for sine vibration was the peak value while that for 
random vibration was the rms value. For sine vibrations near the natural 
frequency of the systems, a departure from the hydrostatic effect due to 
the large accelerations and amplitudes was noted. A comparison of calcu- 
lated and experimental data for the natural frequency of the system showed 
good agreement. The analysis considered screen, perforated plate, liquid, 
and accelerometer masses. 

This program continued the investigation of the effects of vibration on the 
retention capability of fine -mesh screens. Using what has been learned 
from the previous studies, this program made an in-depth study of the many 
factors that can influence the response of the screen to vibration. 

First, a survey was performed to establish the range of the vibration en- 
vironment to be expected for typical surface tension device applications. 

This Survey is presented in Chapter II. Then an analytical method was 
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developed that considers in detail the response of the screen ot a surface 
tension device to vibration. The previously successful hydrostatic model 
was also considered as discussed in Chapter III. An experimental program 
that considered the many factors that effect the response of a screen de- 
vice to vribration, such as screen mesh, screen support method, screen orien 
tation and liquid flow, was devised. A test model with differential pres- 
sure and acceleration instrumentation was built and tested (Chapter iv; . 

The results of the testing, and the data analysis and correlation are pre- 
sented in Chapter V. The conclusions and recommendations can be found xn 
Chapter VI. 


II. 


SURVEY OF VIBRATIONAL EFFECTS 


A survey was performed to establish the range of the vibration enviroaifient 
to be expected for present and future applications, within the U.S. space 
program, of liquid acquisition systems using fine-mesh woven screens. For 
each application the available information on the configuration, opera- 
tional environment and other pertinent parameters were documented. Groups 
of systems with similar requirements were established and the range of 
vibrational effects to be expected for each group was determined. This 
information was used to define the regimes of interest for the analytical 
and experimental efforts that followed. 

This information is presented in three parts. First, the present and 
future applications of surface tension devices are presented along with 
available descriptions and mission requirements. Next the data collected 
on the vibrational environments of space vehicles and spacecraft is pre- 
sented. Finally, the data is compiled and grouped to define the regimes 
of interest. 

A, Present and Future Applications of Surface Tension Devices 

Surface tension devices have "come of age" and are now flight operational 
and being considered for numerous near-future applications. It can be 
presumed that surface tension devices will be strong contenders for the 
acquisition system of any future liquid propulsion system. 

The most prominent of the current applications ' for surface tension devices 
is the Space Shuttle Orbiter. A surface tension device is used to supply 
propellant during the start of the Orbital Maneuvering System (OMS) engines 
(Figure II-l). The device must also be capable of supplying the thrusters 
of the Reaction Control System (RCS). The OMS performs the large AV 
translational maneuvers of the Space Shuttle Orbiter. The configuration 
and the operational environment for the OMS acquisition system is presented 
in Table II-l, aS is the data for all the applications presented in this 
section. 

Surface tension devices are also used in the tanks of the Space Shuttle 
RCS (Figures II-2 and II-3). This system controls the orbiter attitude and 
accomplishes small AV translational maneuvers. The system must function 
during a boost abort, on-orbit and during the initial phases of atmospheric 
entry. 

A surface tension device was used in the tanks of the Viking orbiter main 
propulsion system (Figure II -4) . This propulsion system performed the mid- 
course corrections, Mars orbit insertion and the orbital trims. The sur- 
face tension device was comprised of sheet metal vanes that took advantage 
of the liquid surface tension in positioning the propellant over the tank 
outlet. This program was only concerned with surface tension devices using 
fine-mesh screen, but the Viking system was of interest because it is repre- 
sentative of the environment for similar future spacecraft. 


OF POOR QUAUrit 



OV.S P-CP'^'.LANTTANK 



Figure II-l. Space Shuttle Orbital Maneuvering System 
Acquisition Device (from Ref. II-l) 
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Table ll-l. Configuration and Operational Environment 
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Table 11-1. Configuration and Operational Environment (concl) 
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Figure II-2. Space Shuttle Reaction Control System 
Acquisition Device for Aft Tanks 
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Figure II-4. Viking Orbiter Surface Tension Device 
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surface tension device for the Agena main engine has been operational 
for a number of years, having completed over 250 missions. Recently the 
device was improved so that it can supply both the primary and secondary 
propulsion systems and this device has flown six times. The details of 
this newer device are listed in Table ll-l and shown in Figure II- 5. 

The TranStage is another application that has been flight proven, having 
successfully completed 24 missions. A screen barrier within a trap pre- 
vents bubbles from leaving the tank and another barrier keeps the pressuri- 
zation diffuser clear of propellant (Figures II-6 and II-7) . 

Next, some current systems, in which surface tension devices could have 
been used but were not, are presented. Future systems, having similar 
missions to these current systems, would also have similar requirements. 

The Viking deorbit system was mounted on the aeroshell of the lander. 

This system took the lander out of Mars orbit and controlled attitude up 
until terminal descent began (Table II-l). The aeroshell was jettisoned 
xMien the parachute was opened. Propellants were settled while the terminal 
descent propulsion system (mounted on the lander) operated, so the system 
did not require propellant acquisition. 

The Interim Upper Stage, as it is presently defined, has solid main motors 
and a liquid attitude control system. The requirements for the attitude 
control system are listed in Table II-l. 

A surface tension device has been suggested to replace settling rockets 
for an improved version of the Centaur. Since cryogenic propellants are 
involved, control of the thermodynamic state of the liquid within the sur- 
face tension device and the liquid delivered to the engine pumps are im- 
portant factors (Table II-l) . 

A future system being developed by the Jet Propulsion Laboratory is a Space 
Storable Propulsion Module that is being considered as an orbiter of Mercury, 
Jupiter, Venus and Saturn and for a Mars surface sample return mission. 
Depending on the AV required, the engine can operate either in the mono- 
propellant or bipropellant mode. A sheet metal vane device (similar to the 
Viking orbiter device) is currently baselined for this application. The 
long term compatibility of screen material with fluorine is a concern 
(Table II-l). 

The application of surface tension devices to a future cryogenic Space 
Shuttle Orbiter has been evaluated. The criteria and the concepts from 
two such studies are listed in Table ll-l (Figures II-8 and II-9) . 

The capability of the propulsion systems of earth orbital satellites con- 
tinues to grow (Ref. II-ll) , Many satellites are now three-axis stabilized 
(rather than spin stabilized) so propellant acquisition systems are required. 
The requirements listed in Table II-l are for an Intelsat V communications 
satellite, now being developed. 
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Upper Retention Screen - 14 x 88 
Lower Retention Screen - 24 x 110 
Gas Arrester Screen - 120 x 120 

Velocity Control Screen - 84 x 84 

Figure II-5 . Surface Tension Pevice for Agena (from Ref. II-4) 
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Figure II-6. Trap Assembly, Tra.istage Main Tanks 



PRESSURIZATION 



Figure II-7. Pressurization Inlet Capillary Barrier 
Transtage Main Tanks 
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Figure Il-e. Dual Screen Liner Concept for Cryogenic Orblter (frotP Ref. II-9) 
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Figure II-9. Start Tank Concept for Cryogenic Orblter (from Ref. Il-io) 


The Space Tug Is a spacecraft that would be carried in the cargo bay of the 
Space Shuttle to deploy and retrieve payloads to orbits beyond the capa- 
bility of the Shuttle, It is unmanned, has a cryogenic propulsion system 
and was to r^olace the Interim Upper Stage now being developed. Current 
plans considt.r a manned orbit-to-orbit shuttle instead of the Space Tug. 

Tlie Space Tug, as it was defined (Ref. 11-12) , made use of the idle mode 
thrust from the main engine to settle propellants before an engine burn. 

However, the use of a surface tension device has been studied (Ref. 11-13, 

11-14 and 11-15). One concept (Table II-l and Figure II-IO) has a screen 
trap at the tank outlet and uses a screen liner to form a vapor annulus 
that can be vented in low-g. Another concept (Figure II-ll) uses a surface 
tension device within a start tank. Fill and vent valves allow the start 
tank to refill during the engine burn. 

The third approach is an integrated system, permitting the auxiliary propul- 
sion system (APS) to be supplied from the main tanks. A reservoir tank 
with a surface tension device (Figure 11-12) supplies propellant to the APS 
thrusters. During main propulsion system (MPS) and APS translational burns 
the reservoir tank is refilled by opening a vent valve. The APS is used to 
settle the main tank propellant prior to MPS burns. 

Anotner current application for surface tension devices is the orbit adjust 
propulsion system of a classified space vehicle (Figure 11-13). This system 
is presently operational, having performed six successful missions. 

Another surface tension device is presently operational in the RCA Satcom 
(Ref. 11-17). The device is of the sheet metal vane t3T)e. Two satellites 
are now in orbit and each has four tanks. The criteria for this system are 
similar to those for a "communications satellite" presented in Table II-l. 

B. Vibration Environment 

The most important aspect of this survey was to identify the vibration en- 
vironments that could be experienced by a surface tension device. For 
this reason the survey concentrated on this parameter, somewhat independent 
of the applications. 

The usual sources of space vehicle vibration are acoustic noise, aerodynamic 
noise and mechanically induced excitation. During the launch and ascent 
phase of the mission there are many signifif nt vibration sources: wind 

loads, propellant sloshing, transonic buffeting, supersonic flight, opera- 
tion of engines, turbopumps and auxiliary equipment, Pogo interaction and 
aeroelastic interaction (Ref. II-18) . Once in space, the primary source 
of vibration becomes the mechanical excitation of the spacecraft engine 
and any other operating machinery. 

The vibrations produce a spectrum of frequency dependent accelerations. The 
sinusoidal and random components of the spectrum are used to define the 
environment. Rather than consider all the detailed variations with fre- 
quency, an envelope defines the magnitudes of tie vibration as they are | 
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Figure 11-12. Integrated APS Zero-G Reservoir 
for Space Tug (Ref. 11-15) 



Figure 11-13. Surface Tension Device for 

Orbit Adjust Propulsion System 
(from Ref. 11-16) 
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used in acceptance tests. Sinusoidal amplitude is specified in terms of 
the peak or RMS value of the sine wave at a given frequency. Random vibra- 
tion is defined with the power spectral density as a function of frequency. 
Power spectral density f in units of g^/Hz) is defined as the limiting mean- 
square value of a random variable, in this case, acceleration per unit band- 
width. An overall RMS g-lsvel is defined for any given random vibration 
spectrum and is equal to the square root of the area under the spectral 
density versus frequency curve. 


The largest magnitude vibration is usually produced during launch and 
ascent, due to the acoustic coupling of the high thrust engines. Using 
the Space Shuttle as an example, the vibration environments specified for 
the QMS and RCS acquisition systems are compared in Figure 11-14 (Ref. 

II-l and II-2) . The structure of the tank and acquisition system is 
designed for the launch environment, the "worst-case" condition. Neither 
the QMS nor the RCS devices are fully operational during launch, so the 
boost vibration environment is not considered for their functional design. 

The devices do operate in the vibration environment produced by the QMS 
engines (QMS roll control is the case where the RCS maintains attitude if 
one of the two OMS engines should fail). The RCS operates during atmospheric 
entry until aerodynamic control is possible, so that vibration environment 
must also be considered. 

This situation is typical of payload/booster vibration envircum its. The 
booster produces the significant vibration environment that is specified 
for the structural design of the payload. This is usually not the "worst- 
case" condition for the operation of a surface tension device in the pay-!- 
load because they are not functional during launch. Either the device is 
completely submerged in propellant or breakdown of the screen has already 
been accepted as a consequence of the acceleration environment. Therefore, 
the in-space vibration environment, where the surface tension device is 
functional, is the prime concern. 

The Viking spacecraft is another example of the varied vibration environ- 
ments that can be encountered (Figures 11-15 and 11-16) . Launch, trans- 
Mars injection. Mars orbit, entry and terminal descent environments were 
specified (Ref. 11-19 and 11-20). 

The vibration environments that were collected fall into four general 
categories; (1) the environments produced by space boosters during the 
lift-off and ascent phase of the mission, (2) the environments produced 
by liquid upper stages and spacecraft main engines, (3) the environments 
produced by solid rocket motors, and (4) the environments produced by 
small thrusters and other miscellaneous disturbances. 

1. Space Boosters - The vibration environments specified for the payload 
on the space boosters presently in use, are shown in Figures 11-17 and 
11-18 (Ref. 11-21) (the environment for the Titan Ill/Centaur is shown 
above in Figure 11-15). The levels shown are for flight acceptance test- 
ing, which envelop the actual predicted or measured flight vibration en- 
vironment. Qualification levels are 1.5 to 2.0 times the flight acceptance 
level. These levels are typical, the actual vibration level experienced 
by the spacecraft propulsion system may vary, dependent on its locati on 
and mounting in the spacecraft. 
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The SaKui.*n V environment Is representative of the environment for future 
large cryogenic boosters, such as a single stage to orbit booster. Ref- 
erence 11-22 presents a summary of the environments measured on the Saturn 
V. Figure 11-19 shows the influence of the propellant volume on the vibra- 
tion spectrum. 



'’’igure 11-19. Effect of Liquid Level in a Tank 

on the Vibration Environment during 
Static Firing 


2. Spacecraft Main Engines - The vibration environment produced by the 
Agena and Transtage engines is shown in Figure 11-20 (Ref. 11-23 and 11-24) 
The environment for both descent and ascent of the Lunar Module is shown in 
Figure 11-21 (Ref. 11-25) „ 

3. Solid Rocket Motors - The vibration environment produced by solid 
rocket motors Is of interest because liquid propulsion systems are also 
found on space vehicles with solid rocket motors. The Interim Upper Stage, 
with solid main engines and liquid attitude control, is a good example. 
Solids are also used as "kick stages" for spacecraft with liquid propulsion 
systems . 

Acoustic pressure oscillations within the motor chamber of a solid rocket 
have been shown to cause a severe sinusoidal vibration environment (Ref. 
11-26 and 11-27) , Oscillatory burning produced high amplitude, narrow 
frequency band vibration with characteristics that Vary rapidly with time. 
Accelerations exceeding 300g have been me-!sured on the motor and 150 g at 
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a forward nounfing adapter JRef, TT->?*S'i. However, these rocket motors are 
the fairly large engines of the Minuteman and Poseidon missiles. 

With a somewhat smaller rocket motor (Nike, Ref. 11-28), another unusual 
vibration environment was discovered. Oscillatory burning caused signifi- 
cant vibration in the frequency range of 10 to 12,4 KHz, Vibration levels 
of 31.5g RNS were measured in the first 1.2 seconds of burning, but then 
dropped to 7.4g RMS. 

'ocket motors currently used for '‘kick stages" apparently burn with very 
little oscillation and do not produce a significant vibration environment, 
Specifications for the interface with the spacecraft require vibrations 
less than 2g, zero-to-peak. A g-level of 0,018 was measured from 10 to 250 
Hz for a Thiokol TE-M-616-1 motor (Ref. 11-29). Measurements made on a 
Thiokol TE-M-604 were all less than 10-5 gl/'&z m&t 5 to 3000 Hz, and this 
appears to be typical of spacecraft solid motors (Ref, 11-30). A TE-M-364-19 
rocket motor for FLTSATGOM produced a maximum vibration of 3,16g peak-to- 
peak along a lateral axis over the frequency range of 0 to 5 KHz (Ref, 

11-31) , 

4. Small Thruster s - Very little information is available on the in-space 
vibration environment produced by small thrusters and other small distur- 
bances, A number of government agencies and aerospace companies were con- 
tacted and they confirmed this fact. The Shock and Vibration Information 
Center performed a literature search on this subject and they could not 
find anything. 

During the Skylab missions some measurements of the spacecraft disturbances 
produced by crew raotion«^ <ere made (Ref* 11-32), Shown in Figure 11-22 is 
one of the more severe force spectra produced by the flapping of the 
astronauts* arms, The force can be converted to an acceleration for a 
given spacecraft mass. Accelerations as large at 10-3g with a frequency 
spectrum of about one to several thousand Hertz were experienced as the 
Skylab coasted in space. These disturbances have been referred to as 
"G-Jitter" and could have a significant impact on processes or experiments 
that were Intended to be performed in zero-g (Ref, 11-33). 

C. Compilation Of Survey Results 

The survey of the applications for surface tension acquisition systems in- 
cluded all the currently operational spacecraft using surface tension 
devices. They are; 

Ageua - Screen trap in main tanlcs. 

Transtage - Screen trap and ullage barrier in main tanks. 

Viking Crbiter - Vane device in main tanks. 

Three Axis Stabilized Vehicle - Screen galleries in Orbit adjust tank. 
RCA Satcoffi - Vane device in attitude control tanks. 

Surface tension devices presently being actively developed for flight sys- 
tems consisted of the following; 
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Space Shuttle Reaction Control System ’ Sc’ channels with barrier 
in RCS tanks. 

Space Shuttle Orbital Maneuvering System - Screen traps in OMS tanks. 

Intelsat V Communications Satellite - Screen channels in attitude con- 
trol system tanks. 

Future applications include such systems as communications satellites, Space 
Tug and a cryogenic Space Shuttle. This survey was intended to consider 
only applications of surface tension devices using fine-mesh screen within 
the U.S. Space Program. Some spacecraft falling outside those limits have 
been added because they are representative of future systems and contri- 
buted to the depth of the survey. 

A similar survey xg’as recently performed (Ref. 11-34) , except that it was 
directed toward flow transients. The data from that survey was reviewed to 
insure that this survey was complete. Another recent survey of potential 
receivers for in-orbit supply, provides a comprehensive list of future 
spacecraft, as envisioned by the NASA (Ref. 11-35). The more significant 
systems listed in that survey have been included in this survey. The scope 
of possible future spacecraft continues to grow. Large space stations for 
in-space manufacturing, solar energy collection, observation and communica- 
tion are considered to be feasible future objectives within the next 25 
years (Ref. 11-36 and 11-37). 

Based on the results of this survey, the potential for surface tension 
device applications is unlimited. The possible applications cover a wide 
range of sizes, flow rates and acceleration environments. The fluids of 
interest are primarily N 2 O 4 , MMH, oxygen, hydrogen and hydrazine. The 
screens being used ranged from a 60 x 60 square weave to a 325 x 2300 
Dutch. twill. 

In many cases the vibration environment specified for the applications col- 
lected in the first part of this survey was available. In other cases the 
information vms not available or only the environment for a portion of the 
mission, when vibration was a maximum (such as boost) , was specified. 
Therefore, a wide ranging search for Information on vibration environments 
was conducted, since this was the most significant parameter of the survey. 
The Shock and Vibration Information Center of the Naval Research Laboratory, 
and various NASA centers and aerospace companies were contacted during the 
survey. 

The vibration environments were found to fall into four general categories, 
based on the source of the vibration. The categories are: (1) space 

boosters during lift-off and ascent operation, ( 2 ) main engines of upper 
stages and spacecraft, (3) solid rocket motors, and (4) small thrusters 
and miscellaneous disturbances. 

The environments produced by space boosters were found to be well documented 
Some representative data was found for liquid main engines and solid rockets 
Essentially no data could be found on the in-space operation of small 


thrusters, but some data on disturbances such as crew movement was found. 
Since the structural design of the spacecraft is usually the reason for the 
vibration specification, there has been little interest in low level vibra- 
tion sources. 

To summarize the vibration environments, they are of two types: random and 

sinusoidal. Random vibration is specified over a frequency range of 10 to 
2,000 Hz. The amplitude is stated in g RMS, based on the power spectral 
density. Amplitudes ranging from O.llg RMS for a main engine to 11.3 g RMS 
for a booster were found. Sinusoidal vibrations range in frequency from 5 
to 2,000 Hz with amplitudes up to 5g zero-to-peak. 

Care must be taken in using this collected data since the vibration level 
is a function of factors such as the location in the spacecraft and liquid 
levels. The environments presented are only typical of what may actually 
be experienced. In addition, some environments presented are as actually 
measured, some are acceptance test levels and some have safety factors 
applied to make the qualification test levels. 
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Ill . VIBRATIONAL EFFECTS ANALYSIS 


Analytical models to predict the retention characteristics of a screen 
acquisition system in any given vibration environment were developed. Two 
different analytical approaches were considered. One was to use the rather 
simple hydrostatic model that wa.> developed under previous vibration studies. 
The second approach integrates two models, a structural dynamics model and 
a bubble growth model, to consider in more detail the factors involved in 
the response of the screen to vibration. In this chapter these two ap- 
proaches are discussed. 

A. Hydrostatic Model 

Past studies have shown that the effects of vibration on the retention 
capability of a screen can be predicted with a simple hydrostatic model 
(see Chapter I, Introduction, for a discussion of the previous vibra- 
tion studies). The most recent and comprehensive of these studies (Ref. 

III-l) was used to define the state of development of the hydrostatic 
model. This model assumes the effect of the vibration to be hydrostatic 
in nature. The effect of the vibration is to create a pressure differential 
between the gas and liquid on opposite sides of the screen, with the liquid 
pressure being less than the gas pressure. This pressure differential has 
the form: 

AP^ - pgh (1) 

where the acceleration is due to the vibration and the height is a distance 
over which the vibration acts (a list of symbols can be found in Appendix B) . 

This model depends on test data to establish hew the values of acceleration 
and height are defined. Data from previous tests (Ref. III-l) were cor- 
related using this model when the acceleration was defined as the vibration 
amplitude input to the test model. For random vibration, it was the RMS 
level of the input. For sinusoidal vibration, the zero-to-peak amplitude 
was used at high frequencies (frequencies greater than 200 Hz) . At lower 
frequencies, near the first harmonic of the structure, amplification must 
be taken into account. The height used was the length of screen exposed 
to the ullage, parallel to the direction of the vibration. The past veri- 
fication of this model has been limited to fairly rigid screen specimens. 

The model is applied to test data by predicting the contribution of vibra- 
tion to the pressure differentials acting on the screen when screen break- 
down occurs. At the point the retention capability of the screen is exceeded, 
the pressure differentials within the test system are related as follows: 

AP > AP +AP +AP-. (2) 

The pressure differentials due to vibration, hydrostatic head and flow must 
exceed the retention capability of the screen when breakdown occurs. The 
retention capability of the screen is measured by the standard bubble point 
test. The hydrostatic pressure differential due to one-g and the flow losses 
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(if present) can be calculated from established theory. Therefore, the 
value of can be deLet.ui..ed. Considering aov the hydrostatic model 

(Equation (1)), the values of acceleration and height that yield the proper 
value for AP^ can be determined. Empirical coefficients can also be 
applied to the model to account for various structural and screen support 
effects. 

The hydrostatic model is applied to the design of surface tension devices 
in much the same way. If the model has been empirically verified for the 
surface tension device configuration of interest, the values of accelera- 
tion, height and coefficients are used to predict the Value of APv for the 
specified vibration environment. This value is then used in conjunction 
with the other pressure differentials acting on the device to predict its 
performance. 

B. Screen Dynamics Approach 

This approach to the analysis of the effects of vibration considers in 
detail all aspects of the system response. The approach is outlined in 
Figure III-l. It consists of two analytical models; a structural dynamics 
model and a bubble growth model. The input vibration is defined at the 
tank support structure, so the transmission of the vibration to the surface 
tension device must be considered. For the purpose of this study, the in- 
put was considered to be directly applied to the surface tension device, so 
an analysis of transmission of the vibration (box shown in dashed lines in 
Figure III-l) was not required. 

The structural dynamics model predicts the pressure due to the vibration, 
taking into account the screen, its support structure, the liquid mass and 
liquid flow. The bubble growth model evaluates the pressure retention 
capability of the screen to determine if screen breakdown will occur due 
to the oscillating pressure of the vibration. This model considers the 
screen geometry, liquid properties and the steady pressure differentials 
acting on the screeft. These two models are discussed in the following 
sections. 

1. Structural Eynamics M odel ^ Our development of a structural dynamics 
model to predict the oscillatory pressure environment in screen liquid 
acquisition systems is centered on a simple analog, namely a single degree- 
of-freedom elemental model applicable to a controlled set of test specimens 
It is expected that knowledge gained from tests on the controlled speci- 
mens can be used to qualify this elemental approach and yield a prediction 
of the characteristic system parameters, i.e., mass, damping and stiffness. 
We expected that such insight, in conjunction with a continuously expanding 
test program, would then lend itself to gradual extensions of the elemental 
model to encompass more complex screen configurations. Additionally, it 
was anticipated that the expanded model would be useful in estimating the 
pressure environment in flight article hardware. The following text de- 
tails development of the single degree-of-freedom elemental model. 

a. Basic Equation of Motion - Consider a liquid/container System with a 
single compliant screen element as shown in Figure III-2, If we assume a 
linear single degree-of-freedom is representative of this system we have 
the basic equation 
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Figure III- 2. Elemental Liquid/Container System 


m*q + cq + kq = F(t) 

and, letting co^ , the natural frequency 

Q =yliaa~' Ic, the amplification 

yield? 

q + 0*4 + ^ * 
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Implementation of Equation (4) requires knowledge of the system governing 
parameters (m, c, k) and an estimate of the forcing function (F(t)). This 
knowledge allows evaluation of the response acceleration which can then be 
expressed as a pressure. 

b. Coordinate Transformation - A relationship between the screen center 
displacement coordinate, q , and the oscillatory vibration response coordi- 
nate, qj^, can be obtained from considerations of continuity for an (assumed) 
incompressible flow. Assume that the screen deflection shape is of the 
form 


f \ _ . ffx . irz 

q(x,z) = Qo sxn ~ sin — 


s - * . 7TX . 7TZ 

q(x,z) = q sin -q- sin — 
^ b a 


(5) 


and, it follows that, 


AB 




TZ 


irx . - j , 

sin -r~ sin — dA = 
b a 



area 


c. Mass Characteristics - The kinetic energy of the system as shown can 
be expressed in terras of the fluid mass density, p , the oscillatory Vibra- 
tion response coordinate, qj^, and the liquid outflow coordinate, q 2 » ns 


T = — 
2 


Vol 


dV 


(7) 


or 


T = I ABL Cq.^ + 


( 8 ) 


and it follows, through application of Lagrange's equation, that the ef- 
fective mass, expressed in terms of the oscillatory vibration response 
coordinate, q^, is 


ORICTNAL 
OF POOR QUALOT 


39 


P ABL 'q'j^ 


(9) 



^ 2 - 


and = P ABL . (10) 

Note that for steady flow, q'o = 0. Alternatively, Equation (8) used in 
conjunction with Equation (6) yields the effective mass, expressed in 
terms of the screen center deflection coordinate, q^, as 



4ab 

2 

ir^AB 



( 11 ) 


A. I ^ \ 

dt \aq^ f 


= pABL 


I6a^b 
» A B 




and 


2 2 

16 P a L 
■ ir^ AB 


( 12 ) 


(13) 


Consideration must also be given the effective mass of the screen whose 
kinetic energy can be expressed in terms of the screen mass density, pg, 
thickness, tg, and screen center deflection coordinate, q^. as 



d / 

dt \aq. 


t ab 


and 



t ab 




(15) 

(16) 


Thus, it is observed that the effective mass of the moving screen is 
one -quarter of its actual mass and the ratio of effective screen mass 
to effective fluid mass is 
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(M ) 

^ eff ' screen 
liquid 




screen ^ 


S'* 


(17) 


where Mgj,j.ggj^ and are the total mass of screen and liquid, respec- 

tively. Equation (17) indicates that the effective screet mass can be 
neglected with little error. 


d. Forcing Function Determination - Equations of Motion^- If the fluid 
mass of Figure III-2 is excited with a base acceleration X, the flow accel- 
eration applies a net force 

F(t) = - pABh X* (18) 


and, making use of Equations (10) and (4) , yields the equation of motion, 


'll 


+ a 

Q 'll 






1l 



(19) 


Determination of the applicable forcing functions for the other two direc- 
tions of input excitation is not as straightforward. Reference to the 
sketch indicates the manner in which the pressure at the screen is de- 
termined as a function of base acceleration. For excitation in the Y- 

• • 

direction,,^ ^1*1’ likely to be zero when Y > 0 and AP2 is likely to be 
zero when Y < 0. An approximate representation is then 

F(t) = - pabc Y/2 (20) 

and, making use of Equation (10) and Equation (4) yields, the equation of 
motion 


• • 





qi 


abc Y 
2 ABX. ‘ 


(21) 
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For excitation in the Z-direction, the distribution of the^pressure varies 
linearly across the screen. Therefore, it seems appropriate to u,„ the 
^^g^ag/value. Additionally, the excitation pressure does not go to zero 
when the acceleration changes sign but, rather, the reversal of the accel- 
eration causes the same average screen differential pressure. Hence, the 
appropriate forcing function is 


F(t) = - 


Pa^b Iz 


( 22 ) 


and, making use of Equation (10) and Equation (4), yields the equation of 
motion 




a^b fz\ 
2 ABL 


(23) 


Discussion to this point has evolved an equation of motion for base excited 
vibration of a fluid column subjected to a restoring force arising f torn a 
single compliant screen element. The peak flow acceleration follows under 
the assumption of large dynamic amplification (Q ^ ) . 


for the X- direction 


h 


q « QCx t ^f 


for the Y- direction 


QC abY^ 
~ 2AL 


(24a) 


for the Z- direction 


QCg a b Z^^^ 

2ABL 


for sinusoidal vibration input of modulus X, Y a^d Z at the system natural 
frequency, f. The constants C^, Cy and are included m Equation (24) 
no account for the fact that uniform flow may not exist and that the input 
excitation itself may be affected by bulk liquid response, For uniform 

flow, Cx ~ Cy “ 

If random vibration input is considered, Equation (24a) becomes; 


for the X-direction 
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_Qf PSDf 
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(24b) 


for the Z-direction 
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where f is the natural frequency and PSD^ defines the acceleration spectral 
density at frequency, f. 

e. Pressure Estimation - In a hydrostatic sense, the pressure at the screen 
element can be expressed as the sum of the static and dynamic contributions 
as 

AP = pgh 
s 

AP^ = pghq (25) 

AP^ = AP + AP 
t s V 

and it follows, for the three excitation directions, that: 

h .. 

for the X-direction ( Apj./pg)/h^ = 1 + r- 


for the y- dire ration 


for the Z- direction 


( ^Pj./ps)/hg 


= 1 + 


QC ab Y. 

1 

2AL 


(26 a) 


( ^Pj./pg)/hg 


= 1 + 


^2 ^ ^ % 2 
2ABL 


for sinusoidal input vibration, and 


for the X-direction 


C h 

( APj./pg)/hg ^ 1 + 


I Qf PSD^ 


h 


for the Y-direction 


(AP^./pg)/h = 1 + 


C ab 

j: 

2 AL 


I 7T. 


Qf PSD, 


% 

( 26 b) 


C a^b ( 1 1 

for the Z-direction ( AP^/pg)/hg = 1 + Qf PSD^y2 

for random input vibration where it has been assumed that h Oi hg, the true 
static head. 


The extension of the above developed elemental model to what certainly 
must be required for complex screen/liquid configurations is not at all 
straightforward. In fact, its possible extension is predicted solely 
upon a building-block approach using test data from increasingly more 
complex systems. 
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2. Bubble Growth Model - Ihe bubble growth muJci determines the time 
dependent response of a screen to pressure transients* Screen breakdown 
is actually the growth and detachment of a bubble from a screen pore. The 
model analyzes the growth of a gas bubble at the pore of a screen to de- 
termine its response to time varying pressure differentials. The model was 
developed under a prior study and was applied to evaluating the response of 
a screen to flow transients (Ref. IXI-2). During this program the model 
was refined and applied to the specific problem of the periodic pressure 
oscillations produced by vibration. 

There has been some evidence (Ref. III-l and III-2) that pressure transients 
exceeding the retention capability of screen can be applied to a screen 
without causing breakdown. The screen tends to act as an accumulator, re- 
ducing the effect of short duration pressure transients. The purpose of 
the bubble growth model was to analyze this effect, so that the screen 
response to transients could be predicted. 

Preliminary analyses performed under this program (refer to Appendix A) 
indicated that a screen would not respond to the peak pressure of a sinus- 
oidally oscillating pressure, as could be produced by vibration. The screen 
would actually be responding as if the periodic pressure was a steady pres- 
sure 80 to 907a of the peak valuej even at low frequencies (<50 Hz) . The 
test data that was acquired during this program have shown that this is not 
the case (see Chapter V). The screen responds to the peak value of the 
pressure. Therefore, the predicted pressures of the structural dynamics 
model can be used directly and the time dependent effects considered by the 
bubble growth model are not significant. 

The key factor influencing the preliminary predictions was the orifice co- 
efficient for a screen pore. The derived values for this coefficient (see 
Appendix A) must be much larger (indicating more flow resistance) than is 
actually the case. Since it was concluded that the model was not applicable 
to the screen vibration problem, there was no effort to improve the coeffi- 
cient values. The refinements added to the model during this program are 
presented in Appendix A. 
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IV. 


EXPERimNTAL INVESTIGATION 


1 

I 

An experiraantal investigation was performed to determine the effects of ■ 

vibration on the retention capability of fine-mesh screens. Ihe experimen- 
tal program was composed to achieve this objective in two ways. First, the 
tests provided the data needed to verify the analytical models presented in ;* 

Chapter III. Those models provide a means of predicting the effects of 
vibration. In addition, the tests were structured so that direct compari- 
sons between various tests could be made, considering only one variable at 
a time. Through these direct comparisons the effects of vibration could 
also be established. 

I 

In this chapter the experimental investigation is described, including the 
approach, the test apparatus and the test matrix. 


Vibration was applied to screen specimens and the conditions under which 
screen breakdown occurred were established. In an actual spacecraft, the 
vibration is transmitted from the source to the tank wall and then to the 
surface tension device mounted within the tank. In this study it was 
assumed that the vibration transmitted to the surface tension device struc- 
ture was known. Our primary concern was the transmission of the vibration 
from the screen support structure to the screen and the resulting screen 
response. 

Therefore, the test model consisted of a screen specimen, with its actual 
support structure, rigidly mounted within a container. The vibration was 
applied to the container. 

A flat rectangular screen specimen was selected since its response is 
readily, analyzed and the results can be applied to any other screen con- 
figuration. The flat configuration for screen is found in most of the 
present and future surface tension devices, based on the survey presented 
in Chapter II. The screen is attached to the basic structure of the device 
and its span can be either unsupported, or supported in some manner by 
ribs or perforated plate. 

The basic purpose of the screen of a surface tension device is to exclude 
gas from a controlled liquid region. Liquid can then be expelled gas-free 
from the controlled region. A portion of a surface tension device was 
simulated for the tests by forming a controlled region with the screen 
specimen and the container. This region could be between a single screen 
and the container wall or between two parallel screens. When the retention 
capability of the screen was exceeded (screen breakdown), gas entered the 
controlled liquid region. 

Having defined the basic configuration of the test model, there are a number 
of parameters that can influence the response of the screen to an applied 
vibration. The parameters considered are discussed in the following 
paragraphs. 


if 



1. Test Llquluii - Ihree test liquiJs Wwite seiectud. ii. uie. v *. 

interest are listed in. Table IV-1. All three liquids have a similar surface 
tension, but the density of the Freons is about twice that of the alcohol. 
This permitted a comparison of the influence of the liquid mass as it af- 
fected liquid pressure and the structural characteristics of the system. 

The alcohol has a high viscosity relative to that of the Freons, so viscous 
effects could also be compared. 

Th*' vapor pressures of the three liquids at ambient temperature cover a 
vKte range. At atmospheric pressure (”*8 N/cro^ (12 psia) in Denver) and 
a temperature of 20°C (68°F) the i lopropyl alcohol is subcooled by 6l°C 
(llO^F) , the Freon 113 is subcooled by 22°C (39°F) and the Freon 11 is at 
its boiling point. Test conditions with a small amount of subcooling were 
produced by controlling the system pressure. For comparison, large amounts 
of subcooling were obtained with the Freon 113 and isopropyl alcohol. 

x\nother consideration in the selection of the liquids was their compatibility 
and hazardous handling characteristics. A plastic window in the model was 
required so that screen breakdown could be observed. These liquids have 
sufficient compatibility with plastic for test purposes. The only hazard 
presented was the flammability of the alcohol. The vapors .^re not toxic. 

2. Screen Mesh - Eight screen meshes were selected. The parameters for 
these screens are listed in Table lV-2. The screens cover the full range 
of fine-mesh screen that would be applied to surface tension devices. The 
321’ X 2300 Dutch twill is a practical limit for the smallest pore size. 
Screens that are coarser than 200 x 200 square weave have little retention 
capability. Between these two extremes was an assortment of representative 
meshes. The 325 x 2300, 165 x 800 Dutch twill and the 50 x 250 are used 

in the Space Shuttle Reaction Control System propellant acquisition device 
and the 165 x 800 plain Dutch is used in the Space Shuttle Orbital Maneuver- 
ing System device. All of the typical weaves were represented in the 
selection. 

The bubble point of the screens is presented in four different ways in 
Table IV-2. First, the water column height corresponding to ’.he differ- 
ential pressure necessary to produce breakdown of the screen when it is 
wet with isopropyl alcohol is listed (the standard bubble point test). 

For the selected screens, there is a progression of the bubble point 
values from the coarsest to the finest, filling the entire range. 

The last three columns of table IV-2 list the height of the test liquids 
that could be supported in one-g b ’ a vertically oriented screen. T^en 
the test liquid level is lowered ou one side of the screen to the listed 
height (see Figure IV-1), gas just begins to pass through the pores at 
the top of the screen. 

The length of the model was selected based on data in Table IV-1. Hydro- 
static pressure was used to "preload" the screen when it was oriented as 
in Figure IV-1. As the exposed screen height is increased, the hydrostatic 
pressure acting on the screen is increased, which brings the screen closer 
to the bubble point. Varying the hydrostatic pressure therefore varies the 
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"able IV-1. Properties of Test Liquids at 20°C (68®I 




Liquid 

Surface 

Tension 

d 3 mes/cm 

(Ibf/ft) 


Isopropyl Alcohol 

21.7 



(1.49 X 10 ) 


Freon 113 

19.3 5 

(1.32 X 10 ) 


Freon 11 

19.0 , 

(1.30 X 

■ 1 ■ 

i 





Table IV -2. Screen Mesh 


Screen Mesh 
(wires per inch) 

Weave 

325 X 2300 

Dutch twill 

200 X 1400 

Dutch twill 

165 X 800 

Dutch twill 

165 X 800 

Plain Dutch 

• 80 X 700 

Dutch Twill 

50 X 250 

Plain Dutch 

850 X 155 

Robusta 

200 X 200 

Square 


Wire Dia^ESter 
nun (itt.) 


Shute 


(.0015) (.0010) 


.041 

(.0016) 


.071 

(.0028) 


C.0020) 


(.0020) ) (.0014) 


(.0040) (.0030) 


(.0050) (.0045) 


(.0012) (.0040) 


.053 

(. 0021 ) 
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Figure IV-1. Hydrostatic Screen Retention 


susceptibility of the screen to breakdown due to a given vibration environ- | 

nent. In order to have low vibration level caused breakdown, the screen | 

had to be long enough for hydrostatic pressures near the bubble point. | 

However, a short screen length was desired from the standpoint of a simple 
shaker mounting that would permit good transmission of the input vibration. 

By using Freon 113 to "preload” the finer mesh screens, a vertical screen 
height of 38 cm (15 in) was adequate. By using the alcohol with the coarser 
screens the retention capability was improved, allowing the effects of vib- 
ration to be better resolved. 

3. Screen Mounting - Six different methods of supporting the screens were 
selected. The methods, shown with sketches in Figure IV-2, could give the 
screen total support, virtually no support or various degrees of support 
in between. All of these methods are proven techniques, based on fabri- 
cated prototype and flight surface tension devices. 

In the following paragraphs, each of the support methods Is described. 

a. Bonded to Perforated Plate - This support method gave the most rigid 
screen of any of the selected methods. The screen and the backup per- 
forated plate were diffusion bonded together, using a metallic bond that 
was formed in a furnace. The perforated plate had a high open area (47% 
open) so that the flow restriction was minimized. The only screen not 
supported was that over the round holes of the plate (0.95 cm (3/8 in) 
diameter). 

b. Supported by Perforated Plate - For this support method, the rectan- 
gular screen was resistance seam welded to a frame around its edges. The i 
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Figure IV -2 -Screen Mounting Configuration 
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screen rested on perforated plate within the frame. Normal static pressure 
differentials reduce the pressure in the controlled liquid region with res- 
pect to the ullage, so the screen is forced against the perforated plate. 

The perforated plate offers no support if the pressure differential is 
reversed. 

c. Unsupported - This method provides the least support of the screen. 

The edges of the screen were resistance welded to an open frame. 

d. Pleated Screen - The screen was made somewhat self-supporting by pleat- 
ing. Following the pleating, the screen was attached to an open frame. 

e. Internal Rib - This method is essentially a modification to the un- 
supported configuration. Support ribs were added at fixed intervals on the 
controlled liquid side of the screen. The screen rested on the ribs, but 
was not joined to them. To prevent any interference with the flow path, 
the ribs need to be flat in cross section. 

f. External Rib - These ribs were located on the bulk region side of the 
screen and the screen was seam welded to each rib. Since the rib was out- 
side the flow passage, a "U" shape cross section was permissible. 

Other than the 200 x 200 screen, the selected screens have different wire 
diameters and numbers of wires in the warp and shute directions. For most 
applications the screen is mounted so that the warp and shute wires run 
parallel and perpendicular to the support structure, giving two possible 
orientations of the screen. Since the screen structure is not uniform in 
every direction (orthotropic), its response could be dependent on orienta- 
tion. This variable was considered in the testing. 

Three special screen specimens were also tested to establish the basic 
response of screen to vibration. These specimens had simple square open- 
ings, rather than any of the above described support methods, to give an 
easily analyzed screen deflection. Each of the three specimens had a 7.6 cm 
(3.C in) square screen opening at the top (Figure IV-3) . Specimen 1 had 
the same screen opening at the bottom. Specimen 2 had the opening at the 
bottom but no screen, and Specimen 3 had a tube positioned half way through 
the plate at the bottom. 

4. Configuration - The controlled liquid region could be represented by 
one or two screen specimens. One element represented a portion of a flow 
channel of which the other sides are solid and rigid. This also represented 
a portion of a screen barrier. Two parallel elements represented a portion 
of a flow channel that allows liquid to enter from either side. The opposite 
sides of this configuration had solid and rigid walls. 

The vibration can act in any direction with respect to the screen. Steady 
accelerations can also act in any direction and can influence the response 
of the screen to vibration. Six possible orientations, in which the vibra- 
tion and one-g were either parallel or perpendicular to the screen, were 
identified. These orientations are illustratedrWith respect to the model 
in Figure IV -4 . 
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Ori6rttatioiis 2 and 5 were achieved by mounting the model directly to the 
shaker face plate (the shaker vibration axis is perpendicular to that 
plate). The shaker axis can be positioned either vertically (Orientation 
2) or horizontally (Orientation 5). A thick mounting plate, to which the 
model was mounted, was bolted perpendicular to the shaker face plate to 
achieve Orientation 1 (Figure IV-13). For Orientation 6 the same mounting 
plate was used, but the shaker was positioned horizontally. Orientations 
3 and 4 required a slide plate. The slide plate rested on a large block and 
was bolted perpendicular to the horizontally positioned shaker. Rotating 
the model 90 degrees on the slide plate changed the orientation from 3 to 

4, When the model was vertical, the bulk region liquid level could be 
varied to change the hydrostatic pressure applied to the screen. When 

the model was horizontal,, the controlled liquid region was above the screen 
and the bulk liquid was not in contact with the screen. This lack of bulk 
liquid contact is representative of a barrier that positions the liquid in 
a tank. It can also represent a portion of a flow channel, far enough from 
the bulk liquid that liquid flow through the screen does not influence its 
response to vibration. 

5. Applied Vibration - The vibration was in two forms: sinusoidal and 

random. Sinusoidal vibration was applied at a specific frequency and peak 
amplitude. The usual method of performing sinusoidal tests is to sweep a 
range of frequencies, starting at some low value and incrementing at a 
fixed rate, keeping the amplitude constant. This technique can quickly 
identify the harmonics and the amplification of the system. Frequencies 
from 5 to 2000 Hz were covered. For any test configuration, an amplitude 
sufficient to cause screen breakdown was found, which ranged from 0.3 to 
5.0g. 

Random vibration was applied based on a spectrum of tbe power spectral 
density versus frequency. For a given spectrum, tbs RMS g-level can be 
defined. As the survey in Chapter II illustrated, there can be many 
possible spectra, but they usually ramp up from a low frequency to a con- 
stant level and then ramp down at around 1000 Hz. A prime concern was 
where the system harmonics fall with respect to the power spectrum. The 
influence of the spectrum was evaluated by using various spectra as dis- 
cussed in Chapter V. 

The shape of the spectrum was held constant while the values of power were 
increased or decreased, varying the applied RMS g-level. For each configura- 
tion and spectrum, the RMS level was varied to find the point of screen 
breakdown. A range of 0,2 to 3,0g RMS was covered. 

B. Test Apparatus 

The apparatus used to perform the tests is described in this section. The 
test system consisted of an electrodynaraic shaker, the surface tension de- 
vice model and the associated plumbing required to operate the model. The 
surface tension device model was a container in which the screen specimen 
was mounted . 
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1. Tes t Model - The unassembled parts of the surface tension device model 
are shown in Figure lV-5. The container walls formed the controlled liquid 
region and the bulk region on opposite sides of the screen specimen. When 
sandwiched together with the back plate and the window, the model formed a 
sealed container. The volume between the back plate and the screen was the 
bulk region of the model, that contained varying amounts of liquid. The 
volume between the window and the screen was the controlled liquid region, 
that was completely full of liquid. The window permitted the passage of 
gas through the screen to be observed. 

The wall was fabricated from aluminum stock. The volume formed by the wall ^ 

was 39.4 cm (15.5 in) long, 8.9 cm (3.5 in) wide, and 2.4 cm (0.95 in) thick. 

Bolts passed through the window, one of the walls, the screen specimen and 
were screwed into the other wall to seal the container. A liquid gasket 
material was used to seal mating surfaces. A thin gasket was formed so 
the walls rigidly clamped the edges of the screen specimens. The outer, 
larger holes wt.re for bolting the model to the shaker. The walls were 
drilled and tapped to accept all the necessary plumbing fittings. This 
was the configuration used when a single screen element was tested. 

When tvio parallel screen specimens were tested, a spacer was added. The 
sandwich then consisted of; window - wall - screen specimen - spacer - 
screen specimen - wall - back plate (Figure IV-6). The spacer had the same 
profile as the wall but was only 1.3 cm (0.5 in) thick. It was made of 
sheet plastic so that the controlled liquid region, which was between the 
screen specimens, could be observed for screen breakdown. 

The screen specimens were all fabricated using a common frame that fit the 
model. Six versions of this frame, for each support method, were made. 

The frame was made of stainless steel sheet 0.69"mm (0.027-in) thick. The 
screen opening, within the outer seam welds, for all the specimens was 
7.6-cm (3.0“in) wide and 38.1-cm (15,0-in) long. 

A resistance seam weld was used to attach the screen to the plate. For 
each screen mesh a few trial welds were performed to obtain the correct 
welder settings. Leak-tight seam welds were produced for each of the eight 
screen meshes. Most of the screens were welded using a 0.13-inm (0.005-in) 
thick foil strip that was located in top of the screen. This foil strip 
improves the penetration of the weld for the finer screen meshes. For 

the screens with larger wires (80 x 700, 50 x 250 and 850 x 155), no foil ^ 

strip was necessary. There was some warping of the frames due to the weld- 
ing. If the weld schedule had been optimized, a lower pressure could have 
been used and the warping oould have been eliminated. The warping of the 
frame added some wrinkles to the screen, but when the specimen was mounted 
in the model the frame was flattened and these wrinkles were removed. 

Front and back views of the various support methods for the screen speci- 
mens are shown in Figures IV-7 through IV-11. The screen is supported by | 

the perforated plate in Figure IV-7. The bonded to perforated plate method | 

used the same frame but the screen was diffusion welded to the plate. All 
perforated plate was the same: 47% open area and 0.95 cm (3/8 in) diameter 

holes. 
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Figure IV-LO. Internal Ribs 
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Figure lV-11. External Rib 


Figure lV-12. Specimens 1, 2 and 3 (from Left to Right) 






The pleated screen specimens, shown in Figure IV-9, were fabricated dif- 
ferently, The pleats ran the longer length of the specimen. A pleat geo- 
metry of 6 pleats per inch and a pleat ratio (length of screen before pleat 
ing to length after pleating) of 2 was used. After pleating, the screen 
was soldered to the frame, eliminating the need to crimp the pleats to make 
the joint. 

The three special specimens are shown in Figure IV-12. 

The bubble point of each of the screen specimens was measured after they 
were fabricated using the standard bubble point test method. The screen 
was oriented horizontally and covered with a thin layer of isopropyl 
alcohol. The wet screen was then pressurized from below and the differen- 
tial pressure requiti?4 to cause the first gas bubbles to pass through the 
screen was recorded. After the testing was complete the bubble point was 
recheoked to determine if any screen degradation had occurred. 

2. Test System - The test model v;as directly mounted to the shaker so 
that the vibration applied to the model was the same as the output of the 
shaker. The model was either mounted to the face plate of the shaker or 
to a mounting plate that was perpendicular to the face plate. With these 
two possible mountings and by orienting the shaker axis either vertical or 
horizontal, the six different orientations were achieved. 

The model is shown mounted in Orientation 1, with the vibration and one-g 
acceleration vectors parallel to screen surface, in Figure IV-13. A closer 
view of the model is presented in Figure IV-14. 

The necessary plumbing for the non-flow tests is shown in Figure IV-13, 

A supply tank gravity fed the bulk region of the model and gas was purged 
from the controlled region through the vent line. A vent port in the 
window allowed purging of the controlled region when the model was oriented 
horizontally. 

Outflow was simulated by recirculating the test liquid through the model 
as shown in Figure IV -15, 

The shaker used to perform the testing was a Ling Electronics, Inc. Model 
249. It has a force output of 133,OOON (30,000 Ibf) and a frequency range 
of 5 to 2000 Hz with a sweep rate of 0.09 to 22.9 octaves/minute. The 
output can be either sine or random with a maximum acceleration of 75 g 
and a maximum displacement of 2.5 cm (1.0 in) peak-to-peak. 

3. Instrumentation • Screen breakdown was thc^ key piece of data acquired 
during the testing. The passage of gas through the screen was visually 
detected. In addition to relating the point of breakdown to the applied 
vibration, the location of the breakdown on the screen and an estimate of 
the quantity of gas was noted. 

The shaker control system provided the basic monitoring of the input fre- 
quency and amplitude of the applied vibration. The output of the accelero- 
meter on the shaker that was used to control the shaker operation was used 
to determine the input vibration level. 



Figure IV-13 
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A miniature acoelerometer was mounted on the screen to record its response. 
An Entran EGA-123-250D piezoreslstive, hermetically scaled accelerometer 
with a + 250g range and a 1000 Hz useful frequency range was selected. It 
weighed 0.5 gram without the leads. This accelerometer was mounted in 
various locations on the specimen with various orientations of its sensi- 
tive axis. Contact cement was used to mount the accelerometer. 

The differential pressure between the controlled liquid region and the gas 
in the bulk region was measured. An Entran piezoresistive pressure trans- 
ducer (Model EPA-125E-5D) with a + 3.5-N/cm^ differential (+ 5 psid) range 
and a resonant frequency of 60 KHz was selected. This transducer has a 
3.18-mm (0.125-in) diameter stainless steel diaphragm. The transducer was 
mounted in the end of a tube so the diaphragm could be positioned within the 
controlled region to directly measure the pressure. The reference side of 
the transducer vtas open to the tube and the tube was coupled to the bulk 
region of the model (see Figure IV-14). Tests were performed with no 
liquid in the model to verify that the pressure transducer was insensitive 
to the vibration levels used during the testing. 

All of the tests were performed at the ambient temperature. The test liquid 
was stored and used at that temperature. The temperature of the liquid in 
the reservoir was monitored. When required for flow tests or the subcooled 
liquid tests, the model was pressurized with gaseous nitrogen. A dial- 
type pressure gage monitored the model pressure. 

A sight glass was used to measure the liquid level in the bulk region of 
the model. This was a simple tube, mounted on the outside of the container 
wall, that entered the bulk region at the top and bottom. A scale was 
mounted alongside the tube. 

For the flow tests, a constant flow rate, as established by the pump output 
and the flow system resistance, was used. The flow rate was calculated by 
using a graduated cylinder and a stopwatch. The time required to flow a 
given volume of liquid was measured. 

The outputs of the pressure transducer and the specimen-mounted accelero- 
meter were fed through amplifiers to an oscillograph recorder. The pressure 
transducer was AC-coupled so that the static pressure component due to 
hydrostatic pressure or flow losses was eliminated. When a tape recorder 
was also used, the shaker monitor accelerometer output and an analog fre- 
quency signal were also recorded. Vibration power spectral density versus 
frequency plots were made for all the random vibration tests. 

Some of the usual data processing methods for vibration test data were 
tried. For sine vibration tests, pressure amplitude versus frequency plots 
can be generated and, for random vibration tests, the pressure spectral 
density versus frequency can be plotted. This data processing was found 
to be unsatisfactory because the pressure is processed as an RMS signal. 

The key component of the pressure, the positive peak value, was lost in the 
processing. The best data were the oscillograph records since they showed 
the actual pressure waveform. 
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Motion pictures of selected tests were made. A high-speed camera recorded 
the breakdown of che screen during the test. 

C. Test Progrg-m 

In this section the screen specimens and the tests that were performed are 
presented. The general test procedures are outlined. 

1. Test Matrix - A preliminary test matrix was formulated when the tests 
were planned. This matrix was laid out by selecting the more significant 
test conditions from the multitude of possibilities indicated in the 
Approach, discussed previously. As the testing proceeded, the matrix was 
expanded and modified based on the results of the tests. 

One of the first steps in defining the test matrix was to identify the 
screen specimens. A total of 27 specimens were fabricated and tested. 

Four specimens were added during the testing to further explore certain 
vibration effects. The specimens tested are listed in Table IV -3. Speci- 
mens of each of the support methods using a single screen mesh (325 x 2300) 
and specimens of various meshes using a single support method (external 
rib) were required so that these effects of mesh and support could be com- 
pared. The 325 x 2300 was selected because it gave the best resolution of 
the vibration effects due to its high bubble point. The external rib struc 
ture was selected because it was judged to provide the most basic response 
of the support methods. 

The special specimens (1, 2 and 3) were made using the 325 x 2300 screen, 
again to improve resolution. Two specimen pairs (Specimens 4 and 5, and 
Specimens 24 and 25) had opposite weave orientations to evaluate that 
effect. The remainder of the specimens were selected to aid in further 
investigating the effects of screen mesh and support method. 

Table IV-4 is the matrix of the test program, as performed. Each test 
consisted of a number of individual runs. Sine sweeps over a frequency 
range with various acceleration amplitudes and ullage heights were per- 
formed as part of each test. Sine dwell runs and random vibration runs 
were also included in many of the tests. A total of 551 vibration runs 
were performed. 

The tests were laid out such that new variables were introduced one at a 
time. The intention was to perform tests that were identical, except for 
a single variable, so the effect could be established by a direct compari- 
son of the data. 

Tests 1 through 6 were aimed at establishing the basic vibration character- 
istics, so these tests incorporate a large number of runs (■^120 runs). 
Tests 7 through 13 investigated the effects of weave orientation and model 
orientation. Tests 14 through 21 considered the influence of the various 
support methods. Tests 22 through 51 brought the effects of screen mesh 
and liquid outflow into the investigation. Ti’o element models were tested 
for tests 52 through 57. Finally, the effect of liquid subcooling was 
investigated in tests 58 through 65. 
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2, Test Procedure - Prior to each test the initial conditfions were estab- 
lished, The controlled liquid side of the model was filled completely with 
liquid and the vent was closed, The liquid level on the bulk side of the 
model was set. If it was a flow test, the pump would be started and a 
steady flow condition was established. The ullage was pressurized to obtain 
the correct bulk liquid height under flow conditions. Liquid temperature, 
pressure, ullage height and liquid flow rate were recorded. 

Three basic tests were performed: sine vibration sweep, sine vibration 

dwell and random vibration tests. For a sine sweep test, the amplitude of 
the vibration was held constant while the frequency was varied. The test 
always began at 5 Hz, the minimum <;haker frequency. The frequency was 
increased at a constant rate. Most of the sine sweep tests were performed 
using a sweep rate of 2 octaves per minute, which means that the frequency 
doubles every 30 seconds. An upper frequency limit of 100 Hz was used most 
of the time, but 50 Hz and 500 Hz were used depending on how well the 
harmonics of the system were known. Usually the frequency was swept back 
down to 5 Hz after reaching the upper limit, to determine if decreasing 
the frequency changed the response. The pressure differential and the 
screen acceleration were recorded throughout the test. The occurrence of 
screen breakdown, the frequency, severity, and location ou the screen were 
recorded. Screen breakdown was usually avoided for the sine sweep tests by 
using lower accelerations and ullage heights because it made the determina- 
tion of the harmonic peaks in the pressure data more difficult (see the 
discussion of the pressure data in Chapter V). 

Sine vibration dwell tests held the acceleration level and frequency con- 
stant, while the ullage height was varied during the test. These tests 
best establish the conditions under which screen breakdown would occur. 

The ullage height at which screen breakdown first began was determined, 
and transducer output was recorded at that condition. 

Random vibration tests were similar to the sine dwell tests. For a fixed 
random vibration spectrum and overall g RMS level, the ullage height was 
varied to find the point of screen breakdown. It was found that no useful 
data was obtained from the transducers during the random vibration test 
due to the nature of the random excitation. 

The specific procedures used during the testing are further discussed along 
with the test results in Chapter V. 
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V. TEST RESULTS 


This chapter presents the results of the screen vibration tests. As dis- 
cussed under the test approach in the previous chapter, the test program 
was set up to achieve two objectives. It provided the vibration data for 
all the various screen meshes, support methods, and test conditions that 
were used in performing the analytical correlation. In addition, the test 
program was composed so as to permit direct cnmparison of the same test 
data to establish vibration effects, independent of the analytical models. 
The following discussion in Section A presents the results of those compari- 
sons. In Section B the correlation between the data and the predictions of 
the analytical models is presented. 

A. Discussion of Results 


The vibration tests provided a large quantity of data on the general effects 
of vibration on screen acquisition systems. The initial specimens tested 
were used to make a detailed study of the pressure differentials produced 
by vibration. As the test prog*rara progressed and various screen specimens 
were tested, many effects, such as the support method and liquid flow, were 
evaluated. These results were derived from the measured pressures and 
accelerations, and by comparing the screen response between the various 
tests . 

1, Basic Screen Response - The data obtained with the pressure transducer 
provided information on the basic response of the screen specimens to vibra- 
tion. This pressure transducer measured the vibration produced pressure 
differential between the liquid in the controlled region and the gas in the 
bulk region of the model. Signal conditioning removed all steady pressure 
differentials (due to liquid flow and hydrostatic pressure) so only the 
vibration produced pressure differential was recorded. 

Specimen 1, the first specimen tested, was used to make a study of the 
characteristics of the pressure differential due to vibration. This speci- 
men had two 7.6-cm (3.0-in) square openings covered with 325 x 2300 screen 
and located at the top and bottom of the specimen. Due to its simple 
structure, the re ponse of Specimen 1 was more basic in nature than the 
other full length specimens The pressure data obtained from Specimen 1 
is smoother and has more distinct trends than the data from the other 
specimens. At the same time, the response of Specimen 1 is representative 
of the typical response of the other specimens. 

The first part of this discussion concentrates primarily on tests performed 
with the model mounted with the vibration axis and one-g Earth gravity act- 
ing parallel to the length of the screen specimen (Orientation 1). As is 
discussed later in this chapter, this orientation made the screen the most 
sensitive to the applied vibration. Isopropyl alcohol was used as the test 
liquid for these tests since it yields relatively high retention capability 
and therefore improved the resolution of the vibration effects. 
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a. Differential Pressure Waveform - The raettaureci pressure differential | 

due to the vibratiwu hud u waveform that vari-^ „ li the frequency of the 
applied vibration. How the amplitude of the pressure differential varied 
V7ill be discussed in the following section, but the basic form of the pres- 
sure differential will be consxdered here. 

For most of the screen specimens, the pressure differential had a definite 
positive bias, where positive is defined to mean that the ullage pressure 
in the bulk region is greater than the pressure of the liquid in the con- 
trolled region. Near the harmonic frequency, large positive peaks developed, 
but the negative component of the differential pressure dl.d not change signi- 
ficantly. For the full length specimens, some variation of the negative 
component of the pressure differential was seen. 

The specimsns that had the screen bonded to perforated plate were the only 
exception to the above described pressure bias. The pressure differential 
was symmetrical, with equal amplitude negative and positive pressures, over 
the full range of frequencies. With the bonded support method, the screen 
could only displace as much as the perforated plate. None of the other 
support methods limited the screen displacement to the extent of the bonded 
specimens . 

Since the screen displacement had little Involvement in the response of the 
bonded specimens, the pressure differential was primarily due to only the^ 
coupling between the liquid mass and the model vibration. There was nothing 
to bias the response of the system and the pressure differential due to the 
vibration was symmetrical. For the other specimens, the displacement of the 
screen caused the positive bias to the pressure. Negative pressure differen- 
tials were relieved by the displacement of the screen. 

The development of the pressure waveform with frequency is shown^by Figure 
V-1. This is a typical plot derived from the data for Specimen i. The 
frequency has been normalized in making the figure so that only two cycles 
are illustrated, regardless of the actual frequency of the wavefom. The 
differential pressure is positive upwards. The applied acceleration of 
the model is shown at the bottom of the figure with positive acceleration 
being upwards . 

At 5 Hz, the pressure differential was sinusoidal in form and was in phase 
with the applied acceleration. A positive acceleration of the model lowered 
the pressure of the liquid in the controlled region with respect to the gas 
in the bulk region, producing a positive pressure differential. The rela- 
tionship is the same as if the model was given a isceady acceleration and 
the hydrostatic pressure of the controlled liquid was measured. 

As the first harmonic was approached, but before any amplification of the 
pressure had occurred, the positive differential pressure developed some 
small peaks (Figure V-la) . These peaks developed into two distinct peaks 
at a slightly higher frequency and some amplification became evident 
(Figure V-lb) . The second of the two peaks gradually receded as the first 
grew, giving a waveform that was basically a series of positive pulses at 
the first harmonic (Figure V-lc). At this harmonic, the pressure lagged 
the applied acceleration by a phase angle of 90 degrees. 
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Figure V-1. Pressure Waveforms 


At the* harmonic the combined response of the liquid and the screen, due to 
the vibration, was a maximum. Based on a comparisonL of the pressure dif- 
ferential data from the rigid and loose screen specimens, the form of the 
positive component of the pressure differential was essentially the same. 

The method of screen support does Influence the amplitude cl the positive 
pressure differential, as is discussed later in this chapter. The negative 
component of the pressure differential, as shown by Figure ?“1, is small in 
comparison to the positive component. Apparently the motion of the screen 
reduces the amplitude of the negative component of the pressure differen- 
tial, It is not clear why the screen movement Coes not Influence the 
positive component of the pressure differential as strongly. 

At a frequency above the harmonic the amplitude of the pulses decreased 
and the phase lag continued to increase (Figure V -Id). Then at some higher 
frequency the waveform was again sinusoidal and the amplitude was small. 

The pressure now lagged the applied acceleration by a phase angle of 180 
degrees (Figure ?-le) . The phase lag of the pressure described above is 
typical of the phasing of the input and output of a classical spring-mass 
system. This transition in the waveform of the pressure with frequency 
could be observed in the test data for most of the specimens. The most 
distinct characteristic was the growth of one pulse as the other recedes. 

Screen breakdown significantly altered the form of the measured differen- 
tial pressure. If the breakdown was not significant, the pressure oscilXa* 
rions due to the vibration developed a lower frequency component. Differen- 
tial pressure transients in excess of the screen bubble point were observed. 
If excessive screen breakdown occurred, the pressure measurement became 
very erratic. Sine sweep tests, in which no breakdown occurred, provided 
the best data regarding the peak differential pressures and the harmonic 
frequencies. Sine dwell data were acquired just as breakdown occurred so 
that valid differential pressure data could be obtained. 

This response was partly due to the direct interaction of the bubbles pro - 
;ddced by the screen breakdown with the pressure transducer. Bubbles passing 
by or hitting the transducer will produce transients. The gas that accum- 
ulated within the controlled region oscillated with the applied vibration, 
adding to the measured differential pressure. 

b. Differential Pressure Variation with Frequency - A typical plot of the 
variation of the differential pressure with frequency for Speeimen 1 is 
shown in Figure V-2, The pressure differential plotted is the positive 
xero-to-peak pressure. The positive pressure differentials act so os to 
cause screen breakdown (see discussion of screen breakdown in this chapter). 

At frequencies near 5 Hz minimum shaker operating frequency) , the dif- 

ferential pressure was dji'-cvTo responding to the applied aceeleratlon, 
since the test model diil t w vide any amplification of the input vibra- 
tion. The differential pxesuure rapidly increases, achieving a maximum 
value at the harmonic frequency. At frequencies above the harmonic the 
differential pressure decreases, approaching zero. The model also has 
. second and higher harmonic modes, Dsually the first mode produces the 
maximum pressure differential and the higher mudes are lass significant, 
but a £ow exceptions were noted during the testing. 
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Figure V-2. Variation of Differential Pressure with Frequency 







Specimen 1 had the most basic response of the specimens, giving a well de- 
fined first mode response. The full length specimens and the various sup- 
port methods gave the screen many degrees of freedom. Depending on the 
amplitude and frequency of the applied vibration »nd the ullage height, the 
relative significance of the modes changed. In many tests, the first mode 
was not distinct. The differential pressure •C'ould gradually rise, remain 
at some higher level over a range of frequencies and then begin to decrease. 
Sometimes there would be a small peak in the differential pressure at a low 
frequency, followed by a distinct differential pressure rise more typical 
of the first mode. 

When many of the coarser screens were tested, it was found that the maximum 
differential pressure occurred at 5 Hz and then decreased as frequency was 
increased, This appears to indicate that the first mode frequency was less 
than 5 Hz. These specimens had to be tested at small ullage heights, due 
to the low retention capability, and the large liquid mass in the model 
tends to decrease the harmonic frequency. 

c. Differential Pressure Variation with Position - The location of the 
pressure transducer could be varied along the length of the model, but was 
always centered with respect to the model width. With the model mounted 
in Orientation I (refer to Figure IV-4 for the model orien'tations) , the 
maximum pressure differential due to vibration was found to be at the top 
of the moilel. Figure V-3 is a plot of the pressure field measured for 
Specimen 4, a full length unsupported 325 x 2300 screen. The amount of 
liquid mass being vibrated was the maximum at the top of the model, produc- 
ing the maximum differential pressure dut to the vibration. 

In Orientations 5 and 6, the same response with transducer position was 
recorded. The maximum differential pressure was measu’ed at the top of the 
model. In all three of these orientations the model was vertical so the 
result is consistent. For Orientations 2 and 4 no significant differences 
in differential pressure with transducer position were measured, which would 
be as expected due to the orientation of the vibration. When the model was 
mounted in Orientation 3, interference b;t tween the pressure transducer tube 
and the shaker permitted the pressures to only be measured at the center of 
the model. 

d, Softettli'.g Spring Effect - iHien the sine sweep tests were performed 
they were sv.arted at 5 Hz, the frequency was increased to a selected value 
and then was decreased back to 5 Hz. At low acceleration !• vels, the dif- 
ferential piP aures measured when sweeping up and down were the same. 

Figure V-2 is ,n example where the differential pressure was the same re- 
gardless of whether the frequency was Increasing or decreasing. 

When sine sweep tests were performed, using Specimen 1 and applying accel- 
erations of 0.75g or greater, the hysteresis effect shown in Figure V-4 
was observed. As frequency was increased, one path on the pressure versus 
frequency plot was followed (indicated by arrows) , and when frequency was 
decreased, another path was followed. Above and below the harmonic the 
path was the same regardless of whether frequency was increased or de- 
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Figure V-4. Screen Response to Sinusoidal Vibration 



creased. The actual form of the curve just below the harmonic is indicated 
by the dashed curve. Since the curve is double valued over a range of 
frequencies the differential pressure jumps from a low to high value as 
the frequency increases or vice versa, giving the observed hysteresis. The 
response curve is similar in form to the one shown in Figure V-2, except 
that it leans over towards lower frequencies. 

This hysteresis effect caused the peak differential pressure at the harmonic 
to be greater when the frequency was being decreased. This effect was 
directly observed when screen breakdown occurred during the sine sweep. 

For example, if the screen breakdown was slight and took place over only a 
small frequency range 5 Hz) as the frequency was increased, then as 
frequency was decreased breakdown began, became excessive and continued 
over a wider frequency range. 

This type of response is typical of a "softening spring," that is, a spring 
that becomes less stiff as it is displaced. An actual metal spring usually 
has the opposite characteristic, it becomes harder as it is displaced. The 
same would be expected of a screen membrane; displacing the screen would 
make it stiffen. Another mechanism must be involved to cause the soften- 
ing effect. This mechanism must be the gas/liquid interface within the 
screen pores. 


The interface within the screen has the form of a gas bubble at each pore. 
While these gas bubbles are attached to a surface, their response is similar 
to a free gas bubble. The response of a single gas bubble to a sinusoidally 
varying pressure field has been analyzed and it has been found that it has 
the softening spring characteristic (Ref. V-1). The gas/liquid interface 
must contribute to the stiffness of the screen. The bubbles at each pore 
are small, having a diameter that is on the order of the pore diameter, 
but there are many pores per unit area. For Specimen 1, the contribution 
of the interface was enough to overwhelm any hardening spring effect from 
the screen wires and give the softening spring response. The harmonics of 
the gas bubbles are not involved, they have a very high harmonic frequency 
(order of 10^ Hz), it is only their stiffness characteristic that influences 
the response. 


Specimens 1 and 2 were the only specimens that exhibited this distinct 
softening spring effect. These two specimens had the effect of the vibra- 
tion concentrated on a single screen window, while it was distributed over 
the full length of the other specimens. Also, the high retention capability 
of the 325 x 2300 screen used in these specimens permitted larger accelera- 
tions and ullage heights that could not be used with the coarser screens. 
These factors made the softening spring effect more obvious. For the other 
specimens, the effect was not sufficient to produce a measurable difference 
in the frequency of the harmonic due to increasing and decreasing frequency. 

e. Ullage Effects - The pressure transducer measured the differential 
pressure between the bulk ullage and the liquid in the controlled region. 

An evaluation was performed to determine the contribution of the ullage 
region to the differential pressure. Three sine sweep tests, with varied 
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acceleration‘s nnd ullage heights, were selecf-ed ^or this c'-aluation. Tests 
in which the pressures were significant, but no screen breakdown occurred 
(which would produce erratic pressures) were selected. After performing 
the test with the transducer properly connected, the test was repeated with 
the reference side of the transducer disconnected from the ullage side and 
left open to atmospheric pressure. Tvio conditions were considered, the 
bulk side sealed (the normal condition) and the bulk side open to the 
atmosphere . 

For each pair of tests, the measured pressure differential was the same re- 
gardless of whether the reference line was connected or disconnected. The 
fact that the transducer was AC coupled eliminated the static pressure dif- 
ferences that XTOuld normally be observed when the reference line was dis- 
connected. These results indicate that the effect of the vibration is to 
vary the pressure of the liquid in the controlled region. The ullage pres- 
sure, even with the relatively small volume of the model, remains constant 
and does not contribute to the pressure differential due to vibration. 

2. Screen Breakdown - Most of the tests that were performed had the ob- 
jective of causing screen breakdown so that the contribution due to vibra- 
tion could be established. For the sine dwell and the random vibration 
tests the vibration environment was held constant and the hydrostatic pres- 
sure was increased, by draining liquid from the bulk region, until screen 
breakdown occurred. In many of the sine sweep tests, screen breakdown 
occurred at a specific value of frequency. 

a. Manner of Screen Breakdown - The degree of screen breakdown, the rate 
at which gas passes through the screen, can cover a wide range. For the 
purpose of this discussion, breakdown can be classified as slight, signifi- 
cant and excessive. Slight breakdown is defined as the initial onset of 
breakdown, when very small bubbles penetrated the screen and continued 
breakdown was necessary before any real accumulation of gas bubbles could 
be observed. The amount of breakdown is small enough to be neglected. 

Thisj type of breakdown occurred when the total pressure differential was 
to the screen bubble point and a few pores were made to breakdown. 

The of slight breakdown could be localized screen vibration effects, 

porisAlK' components of the random vibration that make the differential pres 
i,x‘”eed the bubble point, a few pores that arc somewhat larger than ad- 
pores, or some similar effect. 


Significant breakdown is due to readily observable bubbles being detached 
from the screen and resulted in a definite accumulation of gas in the con- 
trolled region. This type of breakdown is similar to the first breakdown 
of a screen when a conventional bubble point test is performed. Over a 
small area of the screen, the total pressure differential slightly exceeds 
the bubble point of the screen. 

Excessive breakdown results when a large quantity of gas abruptly passes 
through an area of the screen and begins to fill the controlled region. 

To produce this condition, the total pressure differential acting over an 
area of screen much exceeds the bubble point of the screen. These are only 
qualitative definitions and the boundaries separating them are not well 
defined. 
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This range of screen breakdown rates was best demonstrated by the random 
vibration tests. As the hydrostatic pressure was increased a distinct 
transition from slight to significant to excessive breakdown could always 
be observed. This transition could not be observed during the sine tests 
and in many cases the first indication was excessive breakdown. With sine 
vibration, breakdown was usually associated with a system harmonic, that 
involved a rapid change in amplification with either frequency or ullage 
height. With random vibration, a range of frequencies are being excited 
so a more gradual approach to the point of screen breakdown was possible. 

When slight breakdown began, the bubbles ware difficult to see. Their size 
is estimated to be on the order of 0.2 mm (0,01 in) diameter. After the 
breakdown had continued for about one minute, coalescence of the bubbles 
would result in the collection of gas bubbles on the order of 5 mm (0.2 in) 
diameter. For the random vibration tests, performed with 325 x 2300 screen 
(isopropyl alcohol. Orientation 1), there was a significant span in ullage 
height between the first indication of slight breakdown and excessive break- 
down. Spans between slight and significant breakdown ranged from 2 cm 
(0.8 in) to 10 cm (4 in), which corresponds to between 2 and 12 percent of 
the screen bubble point. From slight to excessive breakdown, spans as much 
as 15 cm (6 in) were measured (18% of the bubble point). 

Slight breakdown during the sine vibration tests was more of a short dura- 
tion, transient breakdown. The ver,'; small bubbles observed during the random 
vibration test were not observed during the sine vibration tests. The span 
in ullage height between slight and excessive breakdov7n for a sine dwell 
test was small, on the order of 2 cm (0.8 in). 

It was also possible in a sine dwell test to have breakdown begin at some 
ullage height and then as the ullage height was further increased, breakdown 
can cease. The results shown in Figure V-5 are an example of this phenomena. 
There was a harmonic peak in the effect of the vibration that is a function 
of liquid mass, which was varied by the ullage height. The sum of the hydro- 
static pressure differential plus the pressure differential due to vibra- 
tion shows that the total pressure differential exceeded the bubble point 
at ullage heights of 23 cm (9 in) and 38 cm (15 in), where screen breakdown 
was observed. 

Under all conditions of screen breakdown, the breakdown would continue as 
long as the condition that caused breakdown was sustained. Once the vibra- 
tion conditions had been changed to sufficiently reduce the pressure dif- 
ferential acting on the screen, breakdown ceased. When breakdown stopped, 
the screens always regained their retention capability and under even the 
most excessive breakdown conditions, some liquid height was still being re- 
tained by the screen. There was no catastrophic breakdown of the screens, 
where all retention capability was lost. This type of response, as it 
app'’ies to liquids with various amounts of sub^ooling, is discussed later 
in this chapter. 

b, Localized Effects - It was found that the manner in which the screen 
was supported influenced where the screen broke down. Consider the basic 
case where the model was in Orientation 1 (vibration and one-g parallel to 
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the longer length of the screen) . The pressure differential across the 
screen due to hydrostatic pressure differential wc? the maximum at the top 
pores of the screen. The measured pressure differential due to the vibra- 
tion was also a maximum at the top of the screen. Therefore, screen break- 
down would be expected to first occur at the top of the screen. The screen 
breakdown observed during the tests did usually occur at the top of the 
screen for this orientation. For the more rigidly supported screen speci- 
mens, such as the ones that had the screen bonded to a perforated plate and 
the ones that had pleated screen, screen breakdown always occurred at the 
top of the screen. However, for the more loosely supported screens, screen 
breakdown was observed at various locations on the portior the screen 
that was exposed to the ullage. When breakdown first occ red at locations 
other than the top of the screen, it was very localized. Only small patches 
of screen, about 1 cm (0.4 in) in diameter or less break down. The break- 
down would be classified as slight. The occurrence and location of the 
breakdown was a function of frequency and ullage height. As either factor 
was varied, breakdown would occur and cease at various locations on the 
screen. It was also observed that the finer mesh screens, that are thinner 
and lighter, are more likely to break down at locations other than the top 
of the screen. 

The combination of the loose support method and the thin screen material 
permitted portions of the screen to flutter, independent of the net oscilla- 
tion of a screen panel. Small wrinkles were present in the screen material 
as a result of the fabrication process. Typical fabrication methods do not 
include any means of holding the screen taut, so these wrinkles are inherent 
in the non-rigid support methods. These wrinkles could be observed to 
flutter under various vibration conditions and the wrinkles were the posi- 
tions where the localized screen breakdown did occur. Apparently, the rapid 
movement of the screen due to this localized flutter, produced a fluctuation 
in the liquid pressure in the vicinity of the flutter. This localized pres- 
sure oscillation, added to the bulk pressure oscillation from the screen 
panel vibration, was sufficient to cause the localized screen breakdown, 
even though the hydrostatic pressure differential was less than it was at 
the top of the screen. 

The pressure transducer could only measure the bulk effect of the screen 
vibration. While the transducer could be moved up and down within the 
controlled region of the model, the diaphragm was always 1.2 cm (0.48 in) 
away from the screen. At that distance the pressure oscillations due to 
the flutter could not be mea'’ured. 

Some measurements made using Specimen 4 (unsupported 325 x 2300 screen) 
illustrate this effect very well. For a sine dwell at l.Og and 20 Hz, 
screen breakdown was first observed at a point 10 cm (4 in) down from the 
top of the screen, in the center of its width, when the ullage height was 
20 cm (7.9 in). With the pressure transducer positioned at the top of 
the screen, a pressure differential due to vibration of 0.43 N/cm^ (0.62 
psi) was measured. Added to the hydrostatic pressure differential, the 
total pressure differential at the top pores of the screen, was 0.58 N/cm^ 

(0.84 psi), which is close to the bubble point of 0,62 N/cm^ (0.90 psi). 

When the pressure transducer was positioned opposite the point of screen 
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breakdown, a pressure differential due to the vibration of only 0.25 N/cra^ 
(0.36 psi) was measured. Since i_au Uusi ^ .,su..v differential was 

also less at that position, the total pressure differential was 0.32 N/ci..^ 
(0.47 psi), which is only half the bubble point. The localized flutter 
must be creating the additional pressure differential to cause screen break- 
down. The above described conditions are typical of many similar mrasur''- 
ments that were made. The pressure differential acting on the screen at 
the top of the model (Orientation 1) is usually near to the bubble point 
(about 20% less) when localized breakdown occurs elsewhere. 

c. Contribution of Vibration to Screen Breakdown - The primary purpose 

of the sine dwell tests was to determine how the measured pressure differen- 
tial due to vibration contributed to the breakdown of the screens. Condi- 
tions were produced at which the screen began to break down and the pressure 
differential due to the vibration was measured. This measured pressure d-ff- 
ferential due to vibration was then added to the hydrostatic pressure dif- 
ferential, calculated from the ullage height and the liquid density, and the 
sum was compared to the bubble pcint of the screen. 

These sine dwell tests were performed on all the screen meshes, using a 
range of vibration accelerations and frequencies. The analysis of this 
data shows that screen breakdown can be predicted based on the sum of the 
vibration and hydrostatic pressure differentials. The pressure differential 
due to vibration that causes screen breakdown is the positive peak of the 
time varying pressure differential. A positive pressure differential lowers 
the pressure of the liquid in the controlled region with respect to the 
ullage. 

For the finer mesh screens that were rigidly supported and the coarser screen 
meshes, the sine dwell data repeatedly demonstrated that the sum of the 
measured pressure differential due to vibration and the calculated hydro- 
static pressure differential, equalled the bubble point when screen break- 
down was occurring. For those cases where localized screen flutter was 
adding to the vibration produced pressure differential, the pressure trans- 
ducer was not measuring the local effects. It can only be presumed that 
if the true pressure differential due to the vibration wa.. known, the sum 
of the prei.sure differentials would yield the bubble point when screen 
breakdown occurred. As previously discussed, the bulk vibration effect 
that was measured gave a total pressure differential that could be about 
20% less than the bubble point. 

This result established that the frequency of the pressure oscillations 
due to the vibration was low enough to allow the screen to respond to the 
peak pressure differential of the oscillations. Sine dwell tests at 
frequencies up to 50 Hz were performed to determine if the pressure oscil- 
lation frequency influenced the effect of the vibration. Around a 50 Hz 
frequency and above, the pressure differential due to vibration was usually 
so small that it was difficult to resolve it from the hydrostatic pressure 
differential needed to produce screen breakdown. The significant effects 
of sine vibration occurred in the range of 10 to 20 Hz, where the first 
harmonics for the specimens tested fall. At these low frequencies the 
screen does not have the accumulator effect that is considered by the 
Bubble Growth Model discussed in Chapter III. 
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3.J Effect of Weave Orientation - Most of the screens used in acquisi- 

tion devices have a different number and configuration of their wires in 
the warp and shute directions, The only exception is the square weave 
screens that have an identical warp and shute configuration. The dif- 
ferences in screen geometry can influence the structural properties of 
the screen in opposite directions. Since the response of a screen to 
vibration involves the deflection of the screen, which is a function of 
the structural properties, it might be expected that the orientation of 
the screen weave within the screen specimen could influence the screen 
response. 

Four of the screen specimens were specifically intended to investigate the 
effects of screen weave orientation. Each of these screen specimens had 
the "unsupported" structural configuration. The screen was only supported 
at the seam weld around the edges, leaving the 7.6 cm (3.0 in) by 38.1 cm 
(15.0 in) center span unsupported. Two specimens were made for each of 
the screen weaves considered, one with the warp wires running in the short 
direction and the other with the warp wires running in the long direction. 
This configuration should produce the most significant difference in re- 
sponse between two specimens of the same weave, within the geometric con- 
straints of the test model. The narrow dimension could have been reduced, 
but the deflection of the screen wouj.d have been too limited to provide 
adequate screen response. 

The '•t.iffneSi,. of the screens in the warp and shute directions was estimated 
to determine which screens would most show the effects of weave orienta- 
tion, This was done by calculating an average thickness of the screen in 
the warp and shute directions, based on the volume of the wires per unit 
length. If it is assumed that the stiffness of the screen in one direc- 
tion is independent of the loading in the other direction, then the stiff- 
ness is given by the product of the modulus of elasticity and the average 
thickness. Tensile test data for some of the screens used here is avail- 
able (Ref. V-2) that shows that there is a reduction in the stiffness due 
to the bending of the slightly curved wires. The shute wires are usually 
more curved than the warp wires and the reduction is most pronounced in 
that direction. When measured values for the effective stiffness were 
not available, a reduction factor was estimated. 

Presented in Table V-1 are the estimated stiffness values. These stiff- 
ness values indicate that there is little difference in the screen stiff- 
ness between the warp and shute directions. One exception is the 850 x 
155 scr>'se '. Due to the unusual Robusta weave, this screen was predicted 
to have a factor of 8 difference in stiffness between the warp and shute 
directions . 

Based on this evaluation, two screen meshes were selected to establish if 
an effect of weave orientation exists. One set of samples was made of the 
850 X 155 screen, since it was predicted to be the most sensitive to 
orientation. The other set was made of 325 x 2300, which was predicted 
to have a stiffness independent of orientatton. The high bubble point of 
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T^jble V-1. Predicted Screen Stiffness 


Screen Mesh 

(wi i"ps 


Wire Diameter 
mm (in.) 

Actual Stiffness 
W/cTO (Ibf/in.) 

Effective Stiffness 
N/cm (Ibf/in.) 

per inch) 

Weave 

Warp 

Ohute 

Warp j 

Shate 

Warp 

Shute 

325 X 2300 

Dutch IV’ill 

0.038 

(0.0015) 

0.025 

(0.0010) 

27,800 
(15,900) 1 

80,900 

(46,200) 

19,400 

(11,100) 

20,300 

(11,600) 

200 X 1400 

Dutch Tx'/ill 

0.071 

(0.0028) 

0*041 

(0.0016) 

60,400 ] 
(34,500) 

133,000 

(76,000) 

49,600 

(28,300) 

33,300 

(19,000) 

165 X 800 

Dutch ']^^rill 

0.071 
(0. 0028) 

0.051 

(0.0020) 

49,700 

(28,400) 

123,000 

(70,400) 

33,800 

(19,300) 

29,600 

(16,900) 

165 X 800 

Plain Dutch 

0.051 

(0.0020) 

0.036 

(0.0014) 

25,400 

(14,500) 

o0,400 

(34,500) 

17,300 
( 9,900) 

14,500 
( 8,300) 

80 X /OO 

Dutch Sirill 

0.102 

(0*0040) 

0.076 

(0.0030) 

49,200 

(28,100) 

243,000 

(139,000) 

39,400 

(22,500) 

60,900 

(34,800) 

50 X 250 

Plain Dutch 

0.127 

(0.0050) 

0.114 

(0.0045) 

48,200 

(27,500) 

194,000 

(111,000) 

33,800 

(19,300) 

48.700 

(27,800) 

850 X 155 

Rchusta 

0.030 

(0.0012) 

0.102 

(0.0040) 

47, LOO 
(26,900) 

95,400 

(54,500) 

8,060 
( 4,600) 

66,900 

(38,200) 

200 X 200 

1 

Square 

0.053 

(0.0021) 

0.053 

(0.0021) 

34,000 

(19,400) 

34,000 

(19,400) 

10,500 

( b,000) 

10,500 
( 6,000) 












the 325 X 2300 aids in data resolution, so as to better indicate any effect 
of orientation. Orientation 1 (vibration and one-g parallel to the long 
axis of specimen), which is the most sensitive axis and isopropyl alcohol, 
which also aids in resolution, were used in performing these tests. 

Identical sine sweep tests were performed on both of the samples of a 
given mesh. For the two 850 x 155 specimens (specimens 24 and 25) 0.5g 
with a 15.2 cm (6.0 in) and 20.3 cm (8.0 in) ullage height, and 0.75 g 
with a 15.2 cm (6.0 in) ullage height were used. The two 325 x 2300 speci- 
mens (specimens 4 and 5) were tested with identical 0.3g, 30.5 cm (12.0 in) 
ullage height and l.Og, 20.3 cm (8.0 in) ullage height sine sweeps. The 
frequency, amplitude and form of the measured pressure differential at 
the first harmonic of the system were used to perform the comparison. 

In all cases the observed results, occurrence and amount of screen break- 
down, if any, were the same for all the pairs of tests. For the 850 x 155 
screen, both specimens had a first harmonic that occurred at the same 
frequency (within 1 Kz) and the peak pressure differentials were essentially 
the same (within 0.03 N/cm^ (0.05 psi)). The first harmonics for the pair 
of 325 X 2300 screen were also alike. While the peaks were the same, some 
minor differences in the way the pressure varied with frequency were noted. 
These differences are attributed to the localized effects that were dis- 
cussed earlier in this section. The "unsupported" screen support method, 
while being of the needed length and width to indicate weave orientation 
effects, introduces localized effects that are difficult to control. Typi- 
cal fabrication methods were used in making the specimens, so there was no 
way to accurately duplicate the screen tautness biiitween the two specimens 
in the pair. 


It is concluded from these tests that ah'? effect of weave orientation is 
negligible. If there were any significaat differences there would have been 
a noticeable change in the frequency and amplitude of the first harmonic. 

If there were differences, they were of the same order of magnitude as the 
localized effects caused by the differences in screen tautness between the 
specimen pairs. 


This result is consistent with data gathered under a prior study (Ref. 
y-3) . Various screen specimens were pressurized as a membrane and the 
deflection with pressure w^is measured. It was found that the screen be- 
haved as an isotropic medium (uniform in all directions) and could be 
modeled as such. 

4. Effect of Model Orientation - Some of the specimenvS were tested iu 
varied orientations. Specimen 5 (unsupported 325 x 2300 screen) was usv'.d 
to perform an investigation of the effect of the orientation of the screen 
surface with respect to both the vibration and one-g. Six possible model 
orientations, shown in Figure IV -4 were considered (the screen specimen is 
parallel to the largest face of the model). 

In each orientation sine sweeps and dwells with various accelerations were 
performed. ‘Ilie ullage height could be varied when the model was tested in 
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Orientations 1. 5 and 6. in Orientations 2, "J and 4 tlie liquid in the 
controlled regton was supported above the screen and the liquid in the 
bulk region was drained away, completely e>{posing that side of the screen 
to gas. 

The tests established that the affect of the vibration is directly propor>- 
tional to the length of the liquid column being supported by thf screen, 
parallel to the direction of the vibration. The model had a similar re- 
sponse and w’as most sensitive to vibration in Orientations 1 and 3. Orien- 
tation 3 made the model the most sensitive since the vibration always acted 
over the full 38 cm (15 in) length of the screen specimen. In Orientation 1 
the sensitivity of the screen was varied by changing the ullage height, 
which varied the height of the liquid column on which the vibration acts 
and changed the hydrostatic pressure differential acting on the screen. 
Accelerations as low as 0.5g readily produced screen breakdown in these 
two orientations. 

Orientations 2 and 5 made the model the least sensitive to vibration. 
Accelerations greater than 2g were needed to cause breakdown of the screen. 
In Orientation 5 the thickness of the controlled region (2.4 cm (0.95 in)) 
plus a contribution of the liquid column in the bulk region, was the liquid 
column on which the vibration acted. The vibration only acted over the 
thickness of the controlled region in Orientation 2, making the model least 
sensitive in that orientation. 

Orientations 4 and 6 were intermediate in sensitivity. The liquid column 
was determined by the width of the model for Orientation 4 and a contri- 
bution due to the bulk liquid column was added for Orientation 6. 

The liquid column upon which the vibration can be defined to act in each 
orientation can be estimated by evaluating the pressure differential due 
to vibration at low frequencies. At the minimum test frequency of 5 Hz, 
the screen and the structure did not appreciably amplify the pressure dif- 
ferential due to the vibration. This pressure differential can be calcu- 
lated based on a purely pgh hydrostatic relationship where the acceleration 
is the zero-to-peak amplitude of the sine vibration and the h is the above 
discussed column height. These calculations indicated that the liquid 
column height for Orientations 2, 3 and 4, where there was no bulk liquid 
height, was close to the dimension of the controlled liquid mass parallel 
to the direction of the vibration. The presence of bulk liquid on one side 
of the screen made the column height approximately equal to the ullage 
height, based on the data for Orientation 1. For Orientations 4 and 5, the 
contribution of the bulk liquid waft not as digtl-tct. 

Based on this evaluation of the sffict of model orientation, Orientation I 
was selected as the primary orientation for the remainder of the testing. 
This orientation was the critical condition for the effect of vibration on 
the model. Orientation 3, which was the most sensitive to vibration, can 
be considered to be only a special case of Orientation 1. Since the 
ullage height could be varied in Orientation 1, the test conditions could 
be controlled to establish the point of screen breakdown for a giveu input 
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acceleration, Most of the testing was performed using Orientation 1. 

When some of the coarser mesh screens were tested, Orientation 5 was alscf 
used. In Orientation 5 the ullage height could still be varied, but the 
mod '1 was much less sensitive to the vibration. This was desired due to 
t»’ ow retention capability of the coarse screens. 

.he dual element model with the 325 x 2300 Dutch twill screen was 
tf- Hf , Orientations 1 and 5 were used. On a relative basis, the response 
was f-'nilar to that with a single screen element. This comparison estab- 
lished that the orientation e' ects investigated with the single element 
model were not unique to that configuration. 

5. Effect of Screen Support Method - The screen of each specimen was 
supported by one of six methods. These support methods are typical of 
standard screen fabrication methods used in current development and flight 
acquisition systems. The six methods were; 

(1) Bonded to Perforated Plate - by a diffusion welding process the screen 
was bonded to a perforated plate. 

(2) Supported by Perforated Plate - the screen rested on perforated plate, 
with the screen facing the bulk liquid side of the model, 

(3) Unsupported - the screen was attached to an open frame around its 
periphery. 

(4) Pleated - the screen was pleated prior to attaching it to an open 
frame. 

(5) Internal Rib - the screen rested on ribs that were located on the 
controlled liquid side of the screen. 

(6) External Rib - the screen was attached to ribs located on the bulk 
side of the screen. 

The details of the fabrication of the specimens were presented in Chapter 
IV. These support methods gave a wide range of variation to the rigidity 
of the screen support. 

Six screen specimens (Specimens 5 through 10) were made using each of the 
support methods, but with the same screen mesh, to perform a relative 
evaluation of the support methods. The 325 x 2300 Dutch twill screen and 
isopropyl alcohol as a test liquid were selected to give a large retention 
capability and therefore improve the resolution of the effects of the vibra- 
tion. Orientation 1 was used for all the tests. The controlled region was 
completely filled with liquid, random vibration was applied to the model 
and the bulk region was drained until screen breakdown was detected. The 
ullage height at wLich slight, significant and excessive screen breakdown 
(see the screen breakdown discussion) occurred was identified for various 
vibration levels. The point of significant breakdown was used in this 
comparison since it was the most well defined breakdovm condition. 
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A random vibration spectrum with a constant power spectral density over a 
rrnge of frequencies vras selected for these tests (Figure V-6) . 



Frequency (Hz) 


Figure V-6. Random Vibration Spectrum 


The spectral density of this spectrum can be shifted either up or down to 
change the applied overall gRMS level, Such a spectrum adequately excited 
the lower frequencies where the harmonics of the model lay. A lower limit 
of 8 Hz for the frequency range extended the spectrum below the harmonic 
frequencies. By setting an upper frequency limit of 500 Hz, the resolution 
of the spectrum at the low frequency end was improved. This is due to the 
logarithmic frequency increments of the filters used to form the spectrum. 
The resolution of the logarithmic increments to the spectral density, 
provided with this spectrum, also fit the total test system sensitivity. 

It was also found that this spectrum could be accurately reproduced each 
time a test was performed. 

The objective of these tests was to establish a constant set of conditions 
under which each support method could be evaluated. For each support 
method the same range of gRMS levels were applied and the liquid retention 
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lieight for each level was established, In effect, these tests simulated 
various surface tension ievices in the same spacecrafc, with a given vibra- 
tion environment, and the available retention capability of the screen was 
established, 

The results of these comparative tests are shmm in Figure V-7. The power 
spectral density defines the level of the vibration and the ullage height 
is the point at which the screen breakdown became significant. 

The general trend in the curves indicates that as the ullage height in- 
creases, the screen was more sensitive to vibration. This is consistent 
with the previous discuss! n of the effects of model orientation. Increas- 
ing the ullage height, increased the liquid column on which the vibration 
acted and produced greater pressure differentials due to vibration. 

The curves show that there was a definite effect due to the screen support 
method. The two extremes caused a difference in retention capability that 
amounted to around 15 cm (6 in) in ullage height. All six curves are 
similar in form. The curve for the external rib support method has more 
curvature than the others, causing it to be the only one that crosses 
another. There is an unusual bend in the curve for the pleated support 
method. 

The curves converge at small values of ullage height. This is to be ex- 
pected because the influence of the support method will become less as the 
amount of screen exposed is less. The support method lost its influence 
when the screen was submerged in the liquid. For the same reasons the trends 
of the curves are most varied at large ullage heights, when the effect of 
the support method was most pronounced. If all the curves are extrapolated 
in the region of small values of ullage height, they almost intersect at 
a point on the zero ullage height axis, If this truly did happen, it would 
imply for this model that the screen would always break down if the spectral 
density was greater than about 0,1 g^/Hs, 

The pleated support method made the screen the least sensitive to the 
vibration environment. The bonded to perforated plate support method was 
next in sensitivity. These are the two methods that most rigidly support 
the screen. The external rib support method or the supported by per- 
forated plate support method make the screen the most sensitive to vibra- 
tion, depending on the range of the ullage height. 

It is hypothesized that the support method influences the sensitivity of 
the screen to vibration in two ways. One factor is the bulk displacement 
of the screen that occurs when the entire screen panel or the individual 
windows of the specimen displace in response to the vibration. The other 
factor is the localized displacement of only a small area of the screen. 

This localized displacement occurs due to any looseness of the screen, 
which is inherent in the typical fabrication methods that were used. When 
localized displacement did occur it could be observed and did lead to 
screen breakdown in those same areas (see Screen Breakdown discussion). 
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Bulk displacement of the screen permits Che controlled liquid volume to 
change with very little hinduranee, thereby relieving the pressure differen- 
tials that could bo created by the vibration. Displacement of the screen 
toward the controlled liquiti side of the model acts to relieve a lowering 
of the pressine in that region t-?hich is tending to cause screen breakdown, 
towever, the localised displuouuient produces pressure gradients in the area 
of the oscillation that add to the pressure differential produced by the 
bulk displacementj increasing the total pressure differential acting on 
the screen, 


This hypothesis is applied to the teat results as described in the follow- 
ing paragraphs. The specimen with the pleated support method had the pleats 
running the long direction of the specimen. This pleat configuration 
allowed corsidcrable bulk i'eflection of the screen. Approximately 0.7 cm 
(0.3 in) of displacement of the screen at its center occurred during the 
bubble point test. The displacement was constrained more by the flexi- 
bility of the screen pleats than by the stiffness of the screen material. 

The pleat geometry rigidly constrained the screen with respect to localized 
displacement and no localized screen breakdown was observed. This combina- 
tion of bulk flexibility and localized rigidity made the pleated specimen 
least sensitive to the vibration. As the ullage height varied, there must 
have been a change in the mode of the bulk displacement which would account 
for the slope changes In the curve for this specimen. If the pleats of 
the specimen ran in the opposite direction (the width of the specimen) the 
bulk displacement would be much less. I» would be expected that its res- 
ponse would be similar to that of the bonded specimen. 

The bonded specimen a[*so uas local screen rigidity. The small unsup- 
ported span of 0.95 cm (0.38 in) eliminates the local screen displacement 
effects. No localized screen breakdown was observed with this specimen. 

Bulk displacement of this sci'eon was limited by the perforated plate. 

This lack of bulk displacement increased the sensitivity of the screen to 
vibration. However, the lack of localized displacement made this specimen 
less sensitive to vibration than the remaining specimens. 

The unsupported specimen had considerable bulk displacement, but there was 
some localized displacement. The two effects balanced out to make it some- 
what more sensitive than the bonded specimen. 

The internal ribs limited the bulk displacement of the screen as it de- 
flected toward the controlled liquid side of the model, increasing the 
sensitivity in comparison to the unsupported specimen. When the screen 
was supported by perforated plate, no displacement toward the controlled 
region was possible making thi.s specimen more sensitive than the internal 
rib specimen. 

The external ribs limited the bulk displacement in both directions because 
the screen was attached to the ribs. The added seam welds across the ribs 
introduced more wrinkles, which are the cause of the localized displace- 
ment. Localized screen breakdown was the most pronounced with this support 
method. As the ullage height increased, the bulk displacement of the ex- 
ternal rib specimen improved since more panels were exposed, in comparison, 
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cHg bulk displacement of the screcu d by perforated place, in the 

direction of the controlled liquid region (the critical direction), could 
not change the ullage height. These effects explain why the curves for 
the external rib and the supported by perforated plate specimens cross. 

At small ullage heights the bulk effect was essentially the same for all 
specimens since most of the screen is submerged. Localized displacement 
was somewhat independent of ullage height, especially in the case of the 
external rib specimen. For these reasons, the external rib specimen was 
much more sensitive to vibration in comparison to the other specimens at 
low ullage heights. 

Sine sweep tests were also performed on each of the six above discussed 
specimens. These tests aid in substantiating the above conclusions derived 
from the random vibration tests. By comparing the results of sine sweeps 
at various accelerations and ullage heights a relative ranking of the sensi- 
tivity of the specimens can be established. The occurrence of screen break- 
down or the peak pressure amplitude arc the data used to make the comparison 

Tile pleated and bonded specimens were aga?n shown to be least sensitive, 
but there were not enough tests to clearly define the relative ranking of 
the other four specimens. It was noted that Specimen 1 would be ranked as 
more sensitive to vibration than the external rib specimen. Specimen 1 was 
supported similar to the external rib method, except that Specimen 1 had 
only two windows at top and bottom, instead of five. Specimen 1 would have 
less bulk displacement roaki''g it more sensitive to vibracion. 

During the sine sweep tests the specimen with the screen supported by per- 
forated plate was tested in two different ways. First, the screen was in- 
stalled in the model as intended with the perforated plate on the controlled 
region side of the model. Then the same tests were repeated with Che speci- 
men reversed so the perforated plate was facing the bulk side of the model. 
Under identical test conditions the pressure differential amplitudes were 
found to be about fifty percent greater when the perforated plate was facing 
the controlled region of the model. "When bulk displacement into the con- 
trolled region was permitted (perforated plate on bulk side) the screen was 
less sensitive to vibration. 

A similar substantiation was achieved with the sine sweep data for the 
other screen meshes. The 325 x 2300 screen mesh was the only mesh for which 
all the support methods ware tested. This x^as done so that the above 
described comparisons could be made. To verify the effect of the support 
method, only a few selected support methods were used for the samples of 
the other screen meshes , As a minimum, an external rib specimen was fabri- 
cated for each screen mesh. 

Two 200 X 1400 specimens were tested: one that was unsupported (Specimen 

20) and one with external ribs (Specimen 11). From the four sine sweeps 
that could be directly compared, little difference _n their response was 
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measured. In one test the pressure diffezrential peakt; were gi’eator for 
one specimen, but the opposite w o true for .mother taut. Tlie ocaurraucu 
and degree of screen breakdown was the same for all four tests, hue to 
the way that externar rib specimen was fabricated the localij^ed effects 
must have been much less, maKing the two specimens similar in response. 

Since the 200 x 1400 screen has thicker wirec than the 325 x 2300 screen, 
it was stiffer and would be lea;? ,'iJiscepfl.hle to the localised effects. 

Three 165 x 800 Dutch twill screen spcc.imona wort; tested*, bonded to jUir" 
forated plate (Specimen 18), unsupported (Specimen 21) and external rib 
(Specimen 12), The data were limited, but the same ranking obtained from 
the 325 X 2300 tests was indicated. 

Four 165 X 800 plain Dutch fjcreeu specimens were tested: supported by 
perforated plate (Specimen 19), unsuopcrt'..d (dpeeimen 22), internal, rib 
(Specimen 23) and external rib (Specimen X3), The two specimans with ribs 
were similar in response, both being more sensitive to vibration than the 
others. Based on the measured pressure differentials the unsupported 
specimen was more sensitive to vibration than the supported by perforated 
plate specimen. However, the wide van’ *»tion Ir bubble point for these 
165 X 800 plain Dutch speci,,’rr.'-. (ri/;.) made thu Lr comparison difficult. 

A pleated 80 x 700 screen specimen (Specimen 26 , was tested ip, addition to 
an external rib specimen (Specimen 14). Their sensitivity was essentially 
the same. The pleated speciraen had a lower bubble point due to the screen 
pleating operation. This screen mesh, and some of the other coarse screens, 
did not display the harmonics that were present with the finer screens. 

The peak pressure differential amplitude occitrred at 5 Hz and decreased as 
the frequency increased during the sine sweep. This type of respon;3e is a 
function more of the liquid mass than the support structure. The low bubble 
point required that low acceleration values (0,5g) and low ullage heights 
(<13 cm (5 in)) be used, further reducing the structural contribution. In 
addition, the stiffness of the coarse screens eliminated any localized 
screen oscillation affects. 

Three 850 x 155 screen specimens were tested. Two were unsupported with 
opposite weave orientations (Specimens 24 and 23) and the third was an 
external rib (Specimen 16). In four like tv*;*ta Cue external rib specimen 
was definitely more sensitive to vib cation than the others. As previously 
discussed, Xvreave orientation did not influence tiie response. 

It can be concluded that the support .ihT’li.iu donB tnOnence the response rf 
the screen to vibration, A structural sui»port m..-.thod that allows bulk dis- 
placement of the screen, makes the sureen less sensitive to vibration. Dis- 
placement into the controlled region acts to relieve the pressure differen- 
tisl due to the vibration. This approach conflicts xfith the need to limit 
deflection into the controlled region so that the channel flow area is not 
constricted. Localized displacement of the screen Increases its sensitivity 
to vibration. Certain support methods induce localized displacement due 
to screen wrinkling that is inherenr in the fabrication process. The coarser 
mesh screens are less likely to exhibit this localized displacement because 
of their greater stiffness. 
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6. Effect of Screen Mesh - The bubble point of a screen deterroines the 
capacity of a screen to maintain its retention capability in a vibration 
environment. Another factor is the structural stiffness of the screen 
material which influences the dynamic response of the screen to vibration. 
Eight different screen meshes were evaluated in the course of the testing. 
The various meshes, listed in order of decreasing bubble point, were: 


323 X 2300 
200 X 1400 
850 X 155 
165 X 800 
165 X 800 
80 X 700 
50 X 250 

200 X 200 


Dutch twill 
Dutch twill 
Robusta 
Plain Dutch 
Dutch twill 
Dutch twill 
Plain Dutch 
Square 


These screens are representative of the full span of available fine-^mesh 
screens. Most of the above screens are or soon will be used in flight 
qualified surface tension devices, 


A set of eight screen specimens, all using a common support method, were 
fabricated and tested. T^'ie external rib support method was used since it 
was judged to provide a representative, b'’t basic in nature, response. 
Specimens using the "unsupported" support method for five of the screen 
meshes ^ere also tested, permitting further comparison. 

It was found that the finer mesh screens were more likely to exhibit local- 
ized screen breakdown (see Screen Breakdown discussion). Localized screen 
oscillation and breakdovrn did not occur with the 50 x 250 and 80 x 7P0 
screens, both of which have relatively large wire diameters and are stiff. 
Localized effects were most prevalent with the very fine 325 x 2300 screen 
and it was noticed tu some degree in the other meshes. 


The 200 X 200 screen also displayed localized effects, but this was due to 
its open and flimsy structure. It could also be observed that the Impact 
of sloshing liquid on the bulk side caused gas penetri.tion with this screen. 

When significant or excessive screen breakdown occurred with the 200 x 1400 
screen it had a characteristic difference from the other screens. Break- 
down would produce lines of bubbles, aligned with the shute wires of the 
screen. This effect was not observed during the bubble point test. 

It is difficult to draw very many conclusions regarding the effects of 
screen mesh from a direct comparison of the data. Depending on the reten- 
tion capability of the screen, different acceleration and ullage heights 
had to be used. These data were primarily intended for the analytical 
model development. 

One direct comparison that was performed was to compare the peak differen- 
tial pressures and the occurrence of breakdown for all the external rib 
specimens. Most of the specimens were tested in Orientation 1 and isopropyl 
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alcohol was used as the teat liquid. The 30 x 250 end 200 x 200 screens 
were only tested in Orientation 5 due to their low retention capability. 

D 

The relative ranking of the screen specimens, based on thulr sensitivity 
to vibration Is the same as their rank based on bubblt> point. One excep- 
tion could be the 323 x 2300 screen, but there was nut sufficient data to 
be sure. In one pair of tests (l.Og sine sweep with 20.3-cm (8.0-ln) 

ullage height) there was excessive breakdown with the 325 x 2300 screen, 
but only slight bre.ikdown with tlio 200 x l'*O0 screen. In two other pairs 
of tests, the 323 x 2300 and 200 x 1400 screens had no breakdown In one 
case and significant breakdown in another case. The 325 x 2300 screen had 
a bubble point that is 30% greater than the 200 x 1400 screen, but the data 
Indicate that thev were approximately equal In their sensitivity to vibra- 
tion or the 200 x 1400 may be leas sonsitlvo (bused on the one data point). 
This may be due prlmurilv to the Influence of the localized effects on the 
response of the 325 x 2300 specimen. The external rib support method was 
found to make the screen more sensitive to vibration because the localized 
effects were most renounced with this support method (see discussion of 
the effect of support method). The 200 x 1400 screen, being somewhat 
stlffer, was nor as strongly Influenced by the external rib support method. 

A similar comparison was performed using data from the various mesh unsup- 
ported specimens. Again, the ranking of their vibration sensitivity was 
consistent with their retention capability, except for the 325 x 2300 
screen. These results indicate that the 325 x 2300 screen was more sensi- 
tive to vibration than the 200 x 1400 screen. For one set of like condi- 
tions, the screen breakdown vas more severe with the 325 x 2300 screen. 

For another set of like conditions the peak differential pressure ampli- 
tude, with no screen breakdown, was about twice as great with the 325 x 
2300 screen. 

7. Effect of Liquid Flow - Many of the screen specimens were tested 
under Che combined conditions of vibration and outflow. The approach wa^ 
to first perlorm .i sine sweep test of the specimen with no flow and then 
to repeat the test with outflow. Outflow wna simulated using a flow loop 
that was described In Chapter IV (see Figure IV-15). Basically, liquid 
was pumped from a reservoir into the model and then returned to the 
reservoir. This flow loop made the bulk region of the model equivalent 
to an infinite reservoir of liquid. The ullage region was pressurized, 
balancing the pressures so that a selected value of ullage height could 
be maintained during the test. The flow conditions remained constant 
during the test so the only variable was the frequency of the sine vibra- 
tion. 

Flow tests were performed with Isopropyl alcohol and Freon 113, using 
Orientations 1 and 5, and using the single and double element models. All 
of the tests were sine sweeps since effects of the flow on the harmonics 
of the system were desired, A single fli»w rate of 20 ml/sec (1.2 In^/sec) 
was used for all the tests. This flow rate was adequate to produce an 
effect on the vibration response without causing significant flow losses 
within the model. By using this approach, the flow losses did not compli- 
cate the interpretation of t «e test results. 
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Some selected Ulow tests are shown in iable V-2. All of these tests were 
performed using Orientation 1 and with isopropyl alcohol as the test liquid. 
The effect on the screen response is shown in this table by comparing the 
frequency and amplitude of the first harmonic with both flow and no flow. 


In general, it was found that the effect of the flow was to increase the 
frequency at which the first harmonic occurred, which resulted in the peak 
differential pressure either remaining the same or decreasing. There are a 
few exceptions to the above conclusions which will be discussed later. The 
alii ft in the frequency x'anged from only 1 (the dual element model test 
with Specimens 10 and 27) to one test with Specimen 1 where it changed by 
alaiost a factor of 3. The shift in frequency appeals to be a function of 
the screen flow area, with the frequency shift being greater for a small 
area. For the test with the dual element model (Specimens 10 and 27) the 
screen flow area was 271 cm2 (43 ^^d a small frequency shift resulted. 

Specimen 1 had only a 58 cm2 (9.0 in2) screen flow area, which gave the 
largest frequency shift. Tlie other data points also fit this trend. 


When the outflow caused a decrease in the peak differential pressure, the 
non-flow case was the worst case test condition. For example, during the 
first test listed in the table, slight screen breakdown occurred when the 
non-flow test was performed. Under flow conditions liquid was expelled 
from the top of the model so the flow losses added to the hydrostatic 
pressure, making the screen more susceptible to breakdown. However, the 
pressure differential due to vibration was reduced by the flow such that 
no screen breakdown occurred during the flow test. 

Tests were performed using Specimen 1 to determine if the flow path through 
the model influenced the response of the screen to vibration. For an actual 
surface tension device in a tank, liquid in the bulk region flows through 
the screen and out of the tank through the device. In the model this Was 
simulated by flowing liquid into the bulk region at the bottom of the model 
and expelling from the top of the controlled region. In the other case, 
the model simulates a portion of a surface tension device in which the flow 
is just passing through the controlled region. The flow entered the con- 
trolled region at the bottom and left at the top. Some ullage height was 
maintained in the hulk region to control the hydrostatic pressure differen- 
tial acting on the screen. 


The first two tests listed in Table V-2 show the results of this comparison. 
With identical vibration conditions, the flow path did alter the response 
to vibration. When the flow enters the bulk side and must pass through the 
screen, the response was as described above. When the flow entered the 
controlled region and did not pass through the screen, the response was 
different. The frequency of the harmonic was slightly reduced (1 Hx) and 
the peak differential pressure increased somewhat. 


There are three exceptions listed in Table V-2 to the above conclusions 
regarding the effect of flow. One is the test with Specimen 11, a 200 x 
l «+00 screen, in which no change In either frequency or pressure differential 
between the non-floxir and flow condition was detected. Compared to the 
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Table V -2. Effect of Flow on Screen Response 


Spec imen 
Number 

Screen 

Mesh 

Sine 

Acce le rat ion 

g 

Ullage 
Height 
cm (in.) 

Inlet 
Side of 
Model 

First Mode Response 

No Flow 

Flow j 

Freq. 

Hz 

Differential 

Pressure 

N/cm^ (psi) 

Freq. 

Hz 

Different ial 
Pressure 

N/cm^ (psi) 

1 

325x2300 

0.5 

20.3(8.0) 

Bulk 

14 

0.36(0.52) 

25 

0.17(0.25) 


325x2300 

0.5 

20.3(8.0) 

Control It'd 

14 

0.36(0.52) 

13 

0.41(0.60) j 


325x2300 

1.0 

10.2(4.0) 

Bulk 

J 4- D 

0.41(0.60) 

21 

0.16(0.23) i 

11 

200x1400 

0.5 

20.3(8.0) 


: 

18 

0.17(0.25) 

18 

0.17(0.25) 1 

20 

200x1400 

0.5 

30. 5 ((12.0) 

1 


16 

0.24(0,35) 

20 

0.17(0.25) 


200x1400 

1.0 

20,3(8.0) 



13 

0.31(0.43) 

14 

0.29(0.42) 

12 

165x800 Batch 

0.5 

15.2(6.0) 



42 

0.21(0.30) 

56 

0.14(0.20) 

21 

165x800 Butch 

0.5 

15.2(6.0) 



39 

0.13(0.19) 

41 

0.13(0,19) 

13 

165x800 Plain 

0.5 

15.2(6.0) 



: 13 

0.13(0.19) 

15 

0.13(0.19) 

22 

165x800 Plain 

0.5 

20.3(8.0) 



18 

0.15(0.22) 

21 

0.0910, 13) 

23 

165x800 Plain 

0.5 

20.3(8.0) 



17 

0.17(0.25) 

20 

0,17(0,25) 

14 

80x700 

0.5 

12,7(5,0) 




0,06(0,09) 

5 

0.06(0.09) 

10,27 

325x2300 

1.0 

20.3(8,0) 


r 


0.59(0.85) 

8.5 

0.47(0.68) 

22,23 

165x800 Plain 

0.5 

20,3(8.0) 

Bulk 


0.15(0,22) 

6 

0,13(0.22) 



















results with Specimen 20, another 200 ■£ 1400 sci\iv,a, this result would be 
expected. The effect on frequency was small with the greater l.Og acceler- 
ation and the same ullage height and ilow area. With the greater ullage 
height and much smaller flow area, the frequency shift was still only 4 Hz 
for the other 0.5g test. 

The other two exceptions are tlux results with Specimen 4 and the dual ele- 
ment tests with Specimens 22 ana 23. In these two cases the system did 
not have a true harmonic frequency. The pressure differential was a maximum 
near the minimum shaker frequency of 5 Hz and decreased at higher frequencies. 
Flow did not change this condition, either in frequency or amplitude. With 
this type of response the flow condition will be the worst case. The effect 
of vibration remains constant, but the flow los.ses will increase the pres- 
sure difierential acting on the screen. 

To summarize, this evaluation indicates that the effect of liquid flow is 
to either not change the effect of vibration or to reduce the effect. A 
reduction in the vibration effect is accompanied by an increase in the 
harmonic frequency, that is a function of the flow area through the screen. 

If the pressure differential due to vibration was known under static condi- 
tions, a conservative approach would be to use the same differential for the 
flow condition, but also consider the flow Ifisses. No explanation for the 
mechanisms of the flow effects can be given. 

8_j Effect of Dual Screen Blcme ats - IWo basic model configurations were 

tested. The previous discussion Ln this chapter has considered the single 
element model, with a bulk region and a controlled region separated by the 
screen specimen. The other model configuration used two screen specimens 
to form the controlled liquid region. This configuration simulated a 
channel of a surface tension device having screen panels on opposite sides. 

There were three regions to the dual element model: a controlled region 

in the center and a bulk region on each side of the controlled region. The 
two bulk regions were externally coupled so they had the same pressure and 
ullage height (a complete description of the dual element model was pre- 
sen ted in Chapter IV) . The tests with the dual element model were performed 
in the same manner as the single element tests. 

Some of the dual element data has already been discussed in this chapter. 

It was found that the effect of model orientation on the sensitivity of 
the model to vibration was the same for the dual element model as it was 
for the single element model. The effects of flow on the response to 
vibration were also similar. 

The response measured during the single element tests could be compared 
with the results of the dual element tests. Specimen ID was tested as a 
single element and then Specimens 10 and 27 vjere tested as dual elements. 

Both Specimens 10 and 27 were 325 x 2300 screen and were supported using 
the external rib method. The ribs of the two specimens were aligned so 
that they were staggered. The ribs of one were positioned so that they 
were located between the ribs of the other specimen. 
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The comparison of four common alne Sfrcep ttata between the alm'Ie and dual 
elctncnc models shows that the dual c7>^nt ‘/as less sensitive to the same 
vibration environment. Comparing the occurrence of screen breakdown showed 
that elthtr breakdown occurred with the single element while It did not with 
Che dual elements or breakdown was more severe with the single elcrnent mc,del. 


This direct comparison may not be valid because there was a difference In 
the liquid mass In the controlled regions of the two configurations. For 
/n o«*^"*^* element model, the thickness of the controlled region was 2.4 cm 
(0.95 In). The length and width of the controlled region for the dual 
element model was the same, but It was only 1.3 cm (0.50 in) thick It 
would be expected that the pressure differential due to vibration would 
decrease as the mass being vibrated is decreased. Baaed on the conclusions 
for the e.fect of the support method, the Increase In screen area, due to 
two screen specimens Instead of one. would permit more bulk deflection and 
also reduce the sensitivity to the vibration. I1ie contributions of each 
of these aspects In reducing the vibration sensitivity In the dual element 
configuration cannot be established by a direct comparison. 


similar comparison can be attempted, considering the other screen mesh 
t.iat was tested in the dual elem-nt configuration. Specimens 22 and 23, 
both 165 X 800 plain Dutch screen, were tested individually and then were 
tested In the dual element model. They have different support methods, un- 
supported for Specimen 22 i.nd Internal rib for Specimen 23. A comparison 
based on the occurrence ot screen breakdown, of five common sine sweep 
tests does not indicate any pronounced difference between the single and 
dual element results. There cds a definite decrease In the harmonic fre- 
quency. going from about 15 to 20 Hz as a single element to 6 Hz In the 
double element configuration. 


Subcooling - The effect of liquid subcooling on the 
res, once ot the screen to vibration was evaluated by performing identical 
tests Wi.th two different test liquids. Uie two liquids used were Freon 113 
and Freon 11. They both have similar densities and surface tensions (see 

Ir2o<>J v-8). 

, Freon 113 has a vapor pressure of 3.7 N/cm^ absolute (5.3 
psla) while for Freon 11 it Is 8.8 N/cm^ absolute (12.8 psla). With a 
local atmospheric pressure of about 8.3 NVcm? absolute (12.0 psla). Freon 

of a temperature 

of 20®C (68 F) and with the model pressurized to 3.4 N/cin” gage (5.0 pslg) 

* T'".'’; .al,coo!ed „„d the Fr.o„ „Lid 

wltS Jh! ^ Th. result, for these Uuulds could also be compared 

results from the Isopropyl alcohol tests, which would be 70®C 
(126 F) subccoled under the same conditions. However, the different density 

alcohol docs not permit the direct comparison 

possible wlt'.i the Freons. 


Under conditions in which no screen breakdown occurred, no difference In 
the response would be expected between the two test liquids. As long as 
there is an adequate resen^olr of liquid on one side of the screen (pro- 
vided by the controlled region In this case), the retention capability of 
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the screen Is not influenced until very high heat fluxes are applied and 
the liquid is at saturation (Ref. V-5) . Howeverj in the case where 1 
Wetted screen is exposed to gas on both sides j its retention capability 
is highly dependent on the pressurant saturation and thertnodynaniic effects 
(Ref. V'6). The objective of these tests was to evaluate the response of 
the screen when breakdown occurred due to vibration, to determine if the 
amount of subcooling had an effect. 

The approach was to find sine sweep test conditions, first using the Freon 
113, that cause excessive screen breakdown resulting in the exposure of the 
controlled liquid side of the screen to gas. Since the screen was being 
exposed to gas during the test and continued to be vibrated, the test was 
primarily evaluating the effects of vibration on its retention capability 
and not screen dryout due to thermodynamic effects . Up to five sine sweep 
tests producing the conditions described above were identified. Then the 
tests were repeated using the Freon 11 as the test liquid. 

Four screen specimens were used in this evaluation; Specimen 10, 325 x 2300; 
Specimen 11, 200 x 1400; Specimen 25, 850 x 155; and Specimen 15, 50 x 250. 
All of these tests were performed using model Orientation 1, The model was 
pressurized to 3.4 N/cm^ gage (5.0 psig) and the room temperature was used 
to establish the saturation condition. The sine sweep started at 5 Hz and 
when the frequency reached 100 Hz the shaker was shut off and the liquid 
levels in the bulk and controlled region were monitored for about one minute 
to determine if the screen still had any retention capability. Screen break- 
down usually commenced at or near 5 Hz and had ceased by 100 Hz. 

With only a few exceptions, there was no difference in the screen response 
between the Freon 113 and Freon 11 tests, regardless of acceleration level, 
ullage height and screen mesh. The volume of gas that passed through the 
screen as it broke down was approximately the same for both test liquids. 

At the end of the test the screen ’-’’as still supporting some hydrostatic 
pressure differential, as indicated by the difference in liquid levels be- 
tween the bulk and controlled regions. 

The exceptions occurred during the tests of the 50 x 250 screen, which was 
the most susceptible to dryout of the screens tested. At the end of the 
test the liquid levels were equal in two out of three of the Freon 113 
tests. For the same conditions but using Freon 11, which would be more 
likely to cause screen dryout, the screen still had some retention capa- 
bility at the end of the test. 

These results indicate that the amount of liquid subcooling did not effect 
the screen response to vibration. If there was an effect there would have 
been a significant difference in the response with the Freon 11 test liquid. 
The unusual results with the 50 x 250 screen are due to the minimal wink- 
ing capability of this screen rather than the aubcooling of the liquid. 

10. Miscellaneous Effects - A few other factors regarding the response of 
the screen to vibration which were derived from the test data are noted in 
this section. 
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a. Screea Accaieratlon - In all the tests a iiuuiature accelerometer was 
mounted somewhere on the screen specimen. Various mounting locations and 
orientations of the accelerometer's axis were used. 

In the early tests with Specimen 1, the accelerometer was mounted on the 
frame of the specimen and its axis was parallel with the vibration axis. 

In this mounting the accelerometer output was the same as that of the shaker 
control and monitor accelerometers. This arrangement permitted the pressure 
response to be compared with the input acceleration. As previously dis- 
cussed, the phasing between the pressure and acceleration, as influenced 
by the harmonics, was established with these measurements. 

The accelerometer was then mounted in the center Of the 7.6 cm (3.0 in) 
screen panel of Specimen 1, with the accelerometer axis perpendicular to 
the screen. Comparisons of the pressure data showed that the small accel- 
erometer did not change the response of the screen. It was also found that 
the accelerometer could be glued to the screen and removed without causing 
any screen damage or bubble point degradation. In all the subsequent tests 
the accelerometer was mounted on the screen. 

There was no requirement for the accelerometer to provide data to perform 
the data correlation. The pressure differential due to the vibration was 
the primary measurement and the screen acceleration was just supporting 
data . 

The accelerometer showed that there was a definite relationship between the 
screen acceleration and the pressure differential due to vibration. At the 
harmonic frequency indicated by the pressure there was a peak in the accel- 
eration. However, the maximum acceleration was not always at the frequency 
of the maximum pressure differential. Large screen accelerations occurred 
at higher frequencies, accompanied by only a small or no increase in the 
pressure differential. This indicates that the screen can respond at high 
frequencies, but the- liquid does not, and the liquid response produces the 
pressure differential. 

The accelerometer, due to its small size, also Indicated the localized 
screen oscillation effects. In some cases accelerations that were in 
excess of 30 times the input were measured by the accelerometer. The 
localized motion of the screen was rotating the accelerometer in addition 
to translating it, giving the unreasonably large outputs. For this reason, 
the data from the accelerometer were not a true Indication of the screen 
response. 

b. Screen Structural Integrity - The vibration tests provided a qualitative 
assessment of the capability of screen structures to withstand vibration, 

A surface tension device must be structurally designed to withstand the 
vibration loads applied throughout its operational life. The structural 
effects of vibration were determined by rechecking the bubble point of all 
the screens, using the standard bubble point test method, after the testing 
was complete. 
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Only one of the screen specimens showed any degradation in bubble point. 

The pleated 325 x 2300 screen (Specimen 8) had a bubble .point of 61.5 cm 
(24.2 in) of water before the testing and 32,3 cm (12.7 in) of water (using 
isopropyl alcohol at 20°G (68°F) after the testing, a very .significant 
change. 'I'he pleating operation by itself caused some degradation of the 
screen bubble point, about 3,8 cm (1.5 in) of water. The pleats had a 
fairly sharp bend radius and screen breakdown during the bubble point test 
occurred at the bends of the pleats . Tlie pleats ran the long direction of 
the pecimen, giving the entire screen considerable flexibility. As the 
screen flexed, both in the vibration tests and due to handling, bending 
of the screen occurred at the bends in the pleats which increased the pore 
siae at that location. 

This specimen was subjected to considerable vibration. Ten sine sweeps 
were performed at accelerations of 0.5g, l.Og and 2.0g, with half of them 
being at the 2.0g level. The sine sweeps were from 5 Hz to 100 Hz and back 
to 5 Hz at 2 octaves per minute, which subjected the screen to about 4.5 
minutes of vibration each time it was performed. Sine dwells at 2,0g were 
performed. Finally, the random vibration tests applied levels between 0,2g 
RMS and 4.4g RMB over a period estimated to be about 1.5 hours. When the 
random vibration tests were perfoirmed the vibration was continuously applied. 
After draining to find the point of screen breakdown, the model was refilled 
and the acceleration level was increased \.?ithout stopping the shaker. 

By avoiding long pleat spans and using larger bend radii, the pleated screen 
would not be as likely to be degraded by the vibration. Regardless, the 
effects of vibration on the structural integrity of pleated screen is more 
of a concern, due to the sharp radius bends, than it is with flat screen. 

Specimen 1, which had only two 7,6 cm (3.0 in) square screen openings, 
experienced the most vibration. One of the screen windows was usually sub- 
merged in liquid, so the other was subjected to the full effect of the vib- 
ration. With the full length specimens, the effect of the vibration was 
distributed over the exposed length of the screen. Many days of testing 
were performed on Specimen 1 because it w^is used to establish the basic 
effects of vibration. No record was kept of the actual amount of vibra- 
tion time Specimen 1 experienced, but it is estimated to be about 20 hours. 
Sine vibration up to 5,0g and random vibration up to 3,0g RMS was applied. 

No degradation of this specimen was measured. 

All of the screen, with the exception of the 50 x 250, was used "as received" 
and the only operations performed on it being the attachment of the screen 
to the frame. The available 50 x 250 screen that was used had been annealed. 

B. Data Correlation 

In this section the specific results obtained through the correlation of 
the test data with the predictions of the analytical models are presented. 

Two models are considered: the hydrostatic model, developed under prior 

studies, and the structural dynamics model developed as part of this study. 
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Ij; Hydrostatic Model - Prior to the beginning of this program the state- 

of-\;he-art for vibration modeling was what is referred to as the hydro- 
static model. A complete description of the prior work related to the 
effects of vibration can be found in the Introduction. The hydrostatic 
model is described as part of the Chapter III, Vibration Effects Analysis. 

The hydrostatic model is primarily applicable to predicting the effects of 
random vibration. The prior correlations were based on random vibration 
data. A similar correlation was performed using the random vibration data 
collected in this study. 

The first series of rando.n vibration tests was aimed at evaluating the in- 
fluence of the vibration spectrum. The hydrostatic model does not consider 
either the harmonic frequencies of the system or the frequency of the applied 
vibjration. These tests were performed to determine the validity of this 
approach. 

As presented in Chapter II, Survey of Vibrational Effects, random vibration 
is specified by the power spectral density as a function of frequency. An 
overall g Rli^ level can be derived from any given spectrum. The three 
spectra shown In Figure V-9 were used to perform this evaluation. The 
first spectrum (Figure V-9a) has a constant power spectral density over 
a wide range of frequency, 4 to 2000 Hz. The second spectrum (Figure V-9b) 
applied a constant spectral density at the higher frequencies from 100 to 
2000 Hz, with no input at the lower frequencies. The third spectrum (Figure 
V-9c) has a constant spectral density at low frequencies (4 to 100 Hz) and 
no input at higher frequencies. In reality, the portions of the latter two 
spectra that were intended to have no input, did have a low power input due 
to shaker harmonics and noise. While these contributions cannot be ignored, 
their influence on this evaluation were minimal. 

The constant spectral density of each of these spectra can be adjusted so 
that a selected value of the overall vibration input, expressed in g RMS, 
can be obtained. The shape of the spectrum remains constant and only the 
spectral density level is shifted. In the hydrostatic model, the g RMS 
value is used to describe the applied random vibration. 

The 100 Hz division between the low and high frequency spectra was selected 
based on the known range for the first, harmonic of the screen specimens 
tested. The harmonic was always less than 100 Hz, so the lov7 frequency 
spectrum applied vibration at the resonant frequency, while the high 
frequency spectrum did not. 

Screen Specimen 1 (two 7.6 cm (3.0 in) square, 325 x 2300 Dutch twill 
screen windows) vas subjected to these random vibration environments. It 
was positioned in Orientation 1 (vibration and one-g parallel to the long 
length of the specimen) and isopropyl alcohol was used as the test liquid. 

The tests were performed by applying one spectrum, with a selected power 
spectral density and while maintaining that vibration environment, increas- 
ing the exposed screen height until screen breakdown was detected. The 
same test was repeated for various values of the spectral density and for 
each of the spectra. 
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The effect on the sctee-i retention capability ’ i> . n in figure V-10. Each 
of the data points represents the ullage height at which significant screen 
breakdown was observed for the applied vibration, as defined by the overall 
g RMS. The point at which slight, significant and excessive screen break- 
down began was noted for each test (see discussion of screen breakdown in 
the first section of this chapter) . The awount of gas penetrating the 
screen during the slight breakdown was negligible. Significant breakdown 
was the most distinct condition, permitting better definition of the ullage 
height . 


The results as presented in Figure V-10, show a definite effect of the 
frequency content of the spectrum. When the vibration energy was concen- 
trated near the harmonic frequency of the specimen, the screen was the 
most sensitive to the random vibration. For a given value of g RMS there 
was a large difference in the ullage height at which screen breakdown 
occurred. From these results it is obvious that frequency must be con- 
sidered in addition to g RMS in predicting the effects of random vibra- 
tion . 


In performing a correlation of this data the hydrostatic model predicts 
the contribution due to vibration based on the applied g RMS acceleration 
and the ullage height; 


AF 


V 


Pg h , 
^‘=’rms s 


For the test conditions, the sum of the hydrostatic pressure differential 
at the top of the screen, due to the bulk liquid level, and the contribu- 
tion due to vibration should equal the screen bubble point at the point of 
screen breakdown, as follows: 


AP =AP +AP . 

C' V s 

For the lower g RMS levels (1.2 and 1.5 g RMS) and the 4 to 2000 Hz spectrum 
the hydrostatic model predicted the effect of the vibration accurately (+ 57o) 
For the higher g RMS levels the hydrostatic model predicted an effect due to 
vibration ( AP^) that was approximately one-half the measured effect. For 
the 100-2000 Hz spectrum the predicted effect was twice the measured and for 
the 4 to 100 Hz spectrum it was one- third. 

One vay to consider frequency in evaluating the effects of random vibration 
is to consider only the power spectral density at the harmonic frequency of 
the screen specimen. When the results shown in Figure V-10 are plotted as 
a function of the spectral density a more consistent result is obtained. 

The same data points now fall on one curve (Figure V-11) , In the case of 
the 100 to 2000 Hz spectrum, the spectral density due to the Inherent system 
noise, at the harmonic frequency of the specimen ('^^ 10 Hz), was used. This 
factor, plus some uncertainty in defining the point of significant screen 
breakdown, cause some scatter in the data points. The results in Figure V-11 
can only be applied, as they stand, to this specific set of test conditions 
(screen specimen, model orientation and test liquid). 
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A large quantity of random vibration data was collected for screen speci- 
mens 5, 6, 7, 8, 9 and 10 (these tests are also discussed under the effect 
of screen support method) . Each of these screen specimens was made with 
325 X 2300 Dutch twill screen, but each was supported in a different manner. 
A vibration spectrum with a constant power spectral density between 8 and 
500 Hz Was used for these tests. Such a spectrum covers the range of pos- 
sible screen specimen harmonic frequencies, provides good low frequency 
resolution and resolution of spectral density Increments, and can be ac- 
curately reproduced throughout a series of tests. Again, model Orientation 
1 was used and isopropyl alcohol was the test liquid. The various stages 
of screen breakdown were noted, but only the point of significant breakdown 
is considered in the correlation. 

A somewhat different approach to using the hydrostatic model was used in 
correlating this random vibration data. The hydrostatic model was defined 
to include a coefficient, as follows; 


AP 


V 


Kpg h , 

^^rms s 


Within the coefficient K are all the influences of the specific screen 
geometry and the applied vibration spectrum. After the value of K has 
been established, the effect of the vibration can be predicted. 

The test data in the form of the coefficient K versus the g PvMS level is 
plotted in Figure V-12. This graph shows that the method of supporting 
the screen significantly influences the value of the coefficient K. The 
data for Specimen 6 (screen bonded to perforated plate) falls the closest 
to a value of K equal to 1 (giving the traditional form of the hydrostatic 
model), especially when the acceleration is less than 2.5 g RMS. At 4.5 
g RMS the value of K must be 2.5 to predict the effect of vibration for 
this screen. The values of K for Specimens 5, 8 and 9 fall within 25% of 
K equal to one, below 2.5 g RMS, but the variation becomes wider at higher 
accelerations. Over the full range of the test accelerations, the value 
of K for Specimen 8 falls closest to one. Specimens 7 and 10 had the 
largest values for K. 

The data appear to indicate a convergence toward K equal to one as the 
acceleration approaches zero. Specimen 7 is the only exception, but per- 
haps could be discounted based on the erratic nature of the data for this 
specimen. This would indicate that the influence of the support method 
on the value of K vanishes at low random vibration levels which is typical 
of actual spacecraft vibration environments. However, this conclusion is 
only valid for the particular spectrum used in the test, as shown by the 
previous discussion of the effects of the vibration spectrum. 

It is also interesting to note that the relative order of the curves for the 
specimens follows the same order as their sensitivity to vibration, as 
discussed in the first part of this chapter. The more sensitive the screen 
specimen is to vibration, the larger the value of K. 
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Figure V-12. Correlation with Hydrostatic Model 


Specimen 1 is most similar to Specimen 10. Specimen 10 has five windows 
while Specimen 1 has only two of the same size. The results from the tests 
with Specimen 1 (4 to 2000 Hz constant spectral density spectrum) are similar 
to the results for Specimen 10 (8 to 500 Hz constant spectral density spec- 
trum) shown in Figure V-12. For both specimens the value of K was close to 
one at low accelerations and became larger at larger acc lerations, 

The hydrostatic model was also applied to the sine vibration tests. As 
discussed in the first part of this chapter, under the effect of model 
orientation, the pressure due to vibration at low frequencies (near 5 Hz) 
could be predicted with the hydrostatic model. In this application the 
acceleration x<ras the zero-to-peak amplitude of the sine vibration, the 
height was the length of exposed screen parallel to the vibration axis, and 
the value of K was one. To predict the pressure due to vibration at higher 
frequencies the amplification must be known. At the system harmonic, pres- 
sures of up to five times the lox? frequency value were measured. 

Based on these tests and the prior vibration studies, it can be concluded 
that the hydrostatic model has some merit. The effect of vibration on the 
screen retention is hydrostatic in nature. The uffect of frequency, due to 
the random vibration spectrum or sine vibration, has a significant effect 
on the ability of the hydrostatic model to predict the vibration effect. 

All of the screen specimens had harmonic frequencies and the amount of 
vibration energy applied to the specimen at that harmonic frequency was , 
the primary factor influencing its response. This effect was clearly 
demonstrated by the tests using various spectra. 

The hydrostatic model can be used to make estimates of the effect of vibra- 
tion if the above discussed factors concerning the screen support method and 
the vibration spectrum are given consideration. The hydrostatic model also 
serves as a method of presenting and interpolating random Vibration data 
acquired for a specific screen acquisition device and Taration environment. 

2. Structural Dynamics Model - As pointed out previously (Chapter III) , 
the purpose of the tests performed on tha initial three screen configura- 
tions xi/as to establish the range of applicability of the single degree-of- 
freedom flow model and, for this controlled set of test specimens, to 
establish a measure of mass, stiffness and urmping characteristics. It 
was anticipated that this information would then be extended to the more 
complex screen configurations (Specimens 4 through 27) and thus the model, 
if indeed valid for the control specimens, would be refined and extended to 
the more complex cases and, ultimately, used to predict the peak response 
pressure differential due to a vibration input for arbitrary screen acqui- 
sition system configurations. 

The following discussion summarizes selected test results for several con- 
figurations. In general, three types of tests (sine sweep, sine dwell and 
random) were performed. As the intent of the structural dynamics model is 
to predict the peak vibration pressure differential (assumed to occur at 
the fundamental mode frequency) , the sine dwell data have only limited 
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applicability. Further eKaminacion, of the random rcEporne data indicated 
that they are difficult to interpret with respect to estabXi.jhiut; the pres- 
sure differential of the fundamental resonance point. 

Specimen. I consisted of two approximately 7.6 cm (3.0 in) square screen 
covered openings with a 30.1 cm (12.0 in) distance between centers. Speci- 
men 2 was identical except the submerged screen was removed. Specimen 3 
reduced the size of the flow area to a 0.$5 cm (0.375 in) diameter tube, 

All specimens used 325 x 2300 screen. A majority of these tests were con- 
ducted with Orientation 1 and isopropanol as the test fluid. 

Table V-3 surmnarlzes the results for Specimen 1; Table V-4 summarizes for 
Specimen 2. The intent of these specimens was to establish preliminary 
estlraotes of fluid mass, screen stiffness and system damping characteristics 
this was the justification for use of the small screen window(s) and the 
incorporation of a well defined fluid path. The intent of Specimen 3 was 
to lend additional Insight Into these results by providing a known varia- 
tion in the system mass. This is in view of the fact that the previous 
development of fluid effective mass was based on the assumption of uniform 
flow throughout the section AB (see Chapter 111, Section B) , However, it 
seems unlikely that truly uniform flow <'an be achieved due to boundary 
effects and the possible nonuniformity of screen motion and this implies 
that the actual system kinetic energy might be different than previously 
indicated. The intent of Specimen 3 was then to provide a manner by which 
we < ipht assess this possible discrepancy, i.e,, create a known "artificial 
mas »y restricting the flow between the controlled bulk regions as shown 

in ... sketch. Here the system kinetic energy, with the additional energy 
due to the orifice flow (and assuming no outflow) is 
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Table V-3. Summary of Test Results, Specimeu 1 


r- 


Date 


mill 


Zll^lll 


Conditions and Observations 


tnmi 


2/24/77 


3/4/77 


Sine dwells at 10-40 Hz, input * l»5g, initial head “ 12.7 cm(5 in) 
drain until breakdown 

random at 0.9-*3.0g rms 

sweep 5-20-5 Hz, input » 1.5g, head - 12.7 cm (5 in) 

**0.55 N/cm2(0.80 psi) at 8. 0-8, 5 Hz (upswp) 

APy “0.55 N/cm2(0,80 psi) at 8.0-8 « 5 Hz (dnswp) 

Sweep 5‘30-5 Hz, input ** 0.75g, head *= 15.2 cm (6 in) 

APy = 0.45 N/cm2(0.65 psi) at 10.8 Hz (upswp - no break) 

Apy - 0.55 N/cm2(0*v80 psi) at 8.6 Hz (dns'i'ip - no break) 

sxTOep 5-30-5 Hz, input = 0.75g, head *= 22.6 cm (9 in) 

APy = 0.59 N/cm2(0,85 psi) at 13.0 Hz (upswp) 

APy ** 0.52 N/cm2(0,75 psi) at 12.0 Hz (dnswp - prior to break) 

sweep 5-30-5 Hz, input * l.Og, head = 15.2 cm (6 in) 

Apy *= 0.52 N/cm2(0,75 psi) at 10.0 Hz (upswp) 

APy =0.52 N/cm2(Q.75 psi) at 10.0 Hz (dnswp - prior to break) 

Sine dwells at 20-25 Hz, input = 5.0g, initial head = 30.5- 
38.1 cm (12-15 in), orientation #5 

sweep 5-30-5 ilz, input = 3.0, 5.0g, orientation #5 

Sine dwells at 15 Hz, input = 0.5g, various initial heads 

sweep 5-50-5 Hz, input = 0.3g, head = 30.5 cm (12 in) 

Apy = 0.31 N/em2(0.45 psi) at 21.0 Hz (upswp - prior to break) 

APy = 0.34 N/cm^(0,50 psi) at 21.0 Hz (dnswp - prior tp break) 

Sweep 5-500-5 Hz, input = 0.3g, head = 30.5 cm (12 in) 

APy = 0.41 N/cm2 (0.60 psi) at ’.P.O Hz 
Apy =0.31 N/cm2(0.45 psi) at 21.0 Hz 

sweep 5-500-5 Hz, input = 0.5g, head = 20.3 cm (8 in) 

APy = 0.41 N/cm2(0.60 psi) at 15.0 Hz (dnswp - prior to break) 

sweep 5-500-5 Hz, input = l.Og, head = 10.2 cm (4 in) 

APy = 0.52 N/cm2(0.75 psi) at 10.0 Hz (upswp) 

APy = 0,41 N/cm2(0.60 psi) at lO.S Hz (dnswp) 
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Date 


Conditions and Observations 


4/21/77 

Sweep 5-500-5 Hz, input = 0,5g, head = 20.3 cm (8 in) 
APy - 0.38 N/ cm2 (0.55 psi) at 14.0 Hz (upswp) 


sweep 5-500-5 Hz, input 0.5g, head = 20.3 cm (8 in) 
flow at appro::. 20 ml/sec with inlet on bulk side 
Apy = 0,21 N/em2(0.30 psi) at 25,0 Hz (upsv^p) 

APy “ 0.21 N/cm2(0.30 psi) at 25.0 Hz (dnswp) 


sweep 5-100-5 Hz, input = l.Og, head = 10.2 cm (4 in) 

APy = 0.49 N/cm2(0.70 psi) at 7.0 Hz (upsvrp) 

Apy 0.45 N/cm2(0,65 psi) at 8.0 Hz (dnswp) i 

\ 

1 

sweep 5-100-5 Hz, input = l.Og, head = 10.2 cm (4 in) 
flow at approx. 20 ml /sec with inlet on bulk side 
APy ='0.17 N/cm2(0.24 psi) at 21,0 Hz (upswp) 

APy = 0.17 N/cm2(0.25 psi) at 22.0 Hz (dnswp) 


sweep 5-100-5 Hz, input = 0.5g, head = 10.2 cm (4 in) 
Freon 113 

Apy = 0,24 N/cm2(0.35 psi) at approx, 8.0 Hz 

Note: Orientation #1 unless noted 

Isopropanol unless noted 
No flow unless noted 







Table V-4. Summary of Test Results, Specimen 2 


Date Conditions and Observations 


2/23177 Sweep, input = 0*75g, head = 15.2 cm (6 in.) 

APy = 0.41 N/cm2 (0.60 psi) at 5.7 Hz (upswp) 

sweep, input = 0.75g, head =22.7 cm (9 in.) 
4Py = 0.49 N/cm2 (0.70 psi) at 7.3 Hz (upswp) 

sweep, input = l.Og, head = 15,2 cm (6 in.) 
nPy = 0.49 N/cm2 (0.70 psi) at 5.7 Hz (upswp) 

sweep, input = 1.5g, head = 13.1 cm (5 in.) 
APy = 0.55 N/cm^ (0.8 psi) at 5.3 Hz (upswp) 

sweep, input = 1.5g, head = 7.5 cm (3 in.) 
APy = 0.41 N/cm2 (^0.6 psi) at 5.2 Hz (dnswp) 


sine 

dwells at 

6-30 Hz, input = 

1.5g 


head 

dwell freq. 


APy 

cm 

in. 

Hz 

N/cm^ 

psi 

13.1 

5.0 

10 

0.34 

0.49 

15.2 

6.0 

15 

0.22 

0.32 

21.5 

8.5 

20 

0.28 

0.40 

27.8 

11.0 

30 

0.14 

0.20 

13.8 

5.5 

10 

0.42 

0.61 

10.2 

4.0 

8 

0.52 

0.75 

8.7 

3.5 

6 

0.58 

0.83 


Note: Orientation #1 unless noted 

Isopropanol unless noted 
No flow unless noted 





which, with the continuity expression 
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''A^lcati^on of Lagrange's equation to the above yields 

X„ AB 


ft ( -11) = -A 


and P AB 
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eft 


where the value of AMgfj can, hopefully, be controlled by judicious selec- 
tion of the orifice tube length and cross-sectional area^ 


Unfortunately, the test results for Specimen 3 are inconclusive as to 
whether the desired objective (increased fluid mass Xvrith corresponding re- 
duced natural frequency) was, in fact, accomplished. Examination of the 
data indicates that the apparent primary response lies in the 40-50 Hz 
range which would seem to imply that the effect of adding the orifice was 
to reduce the effective mass. However, this may be totally misleading. 

The expected natural frequency range for Specimens 1 and 2 is approximately 
8-15 Hz and, if the predicted mass variation was in fact achieved for 
Specimen 3, it well may be that the resultant natural frequency lies below 
5 Hz, the threshold value of the excitation equipment. This inconsistency 
has not been resolved and further analysis and/or controlled tests appear 
to be justified. 

In an attempt to better understand the results of Specimens 1 and 2, consider 
the peak- vibrational pressure differential as a function of static head as 
shoxsTn in Figure V-13 where the variation in the observed fundamental response 
frequency is also indicated. It is observed that increasing the static head, 
hg, leads to an increase in the observed fundamental frequency. This is 
thought to occur through a combination, as yet undetermined, of two effects; 
increasing the static head decreases the effective flow length and increases 
the static pressure differential at the screen. Reduced effective flow 
length implies redxxced effective fluid mass and increased pressure (static) 
differential applies a tension to the screen thus increasing its effective 
stiffness. The net result is the observed increase in the response fre- 
quency. Note also 'that for fixed static head, the observed vibrational 
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Vibration Pressure Differential 



Static Head 


Figure V-13a. Test Results, Specimen 1 




Static Head, cm 


Figure V-13b . Test Results, Specimen 2 
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pressure differential increases with increasing input vibration level as 
would be predicted from the analysis presented previously. 

Another interesting view of the test results for Specimens 1 and 2 can be 
constructed by returning to the analysis of Chapter III slightly modified 
to account for geometric characteristics of the particular test specimens. 
The total pressure differential can be expressed as 



4P_ = 

AP 

+ AP 


t 

s 

V 

with 

AP 3 = 

PS 


and 

AP = 

V 

P 8 

QC h^ X 

^ X 


for acceleration in the vertical direction, X. 



T hs 


1 


If we now say h = h/hg, the above expression for pressure differential due 
to vibration becomes 


AP = 

V 


•^2 2 

pg QC^ X 


and it follows that the dynamic amplification can be expressed as 


QC = 

X 


ap l 

V 

2 •• 

pg \ X 


AP L 

V 

2 '• 

Pgh/ X 


for hg = h. The results of this equation are depicted in Figure V-14 which 
indicates that some degree of correlation exists between the two test speci- 
mens with (perhaps) Specimen 2 exhibiting slightly higher damping character- 
istics. This would seem to indicate that the square fluid passageway, per- 
mitting lateral fluid motion, acts as a damping device and that, for Speci- 
men 1, no flow passes through the screen mesh. It would have been interest- 
ing also to show results for Specimen 3 at this point but, as mentioned pre- 
viously, those results are not available. The figure indicates that a pre- 
diction of vibrational pressure differential is available for these two 
specimens but the extension to more complicated specimens is not yet evident 
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Figure V-14. Amplification Parameter, Specimens 1 and 2 
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In an effort to extend the previous results, test data for other screen 
specimens were tabulated and examined in some detail. This examination 
was made difficult by the fact that the amount of available test data are 
limited; there being only one or two pieces of data for some screen con- 
figurations, Further, the limited range of parameter values makes a graph- 
ical representation difficult. This is illustrated by examination of the 
data resulting from tests on several of the external rib configurations 
(Table V-5) where the peak vibrational pressure differential and observed 
fundamental frequency are tabulated for various static heads and input 
vibration levels. It is clearly evident that additional data are required 
before development of a fully test validated analytical model can be ac- 
comnlished. 


Table V-5. Test Results, External Rib Configurations 


Input Mead Freq, Peak Pressure 

Specimen Screen (g's) (in) (cm) (Hz) (Ib/in^) (R/cm^) 

10 325x2300 0.5 8.0 20,3 17 0.20 0.14 

11 200x1400 0.5 8.0 20,3 18 0,22 0.15 

0.5 8.0 20.3 18 0.22* 0.15 

0.5 12.0 30.4 21 0.32 0..22 

1.0 8.0 20.3 15 0.35 0.24 

1.0 6.0 15.2 14 0.25 0.17 

12 165x800 0.5 6.0 15.2 42 0.30 0.21 

(Dutch) 0.5 6.0 15.2 56 0.30* 0.21 

13 165x800 0.5 6.0 15.2 13 0.20 0.14 

(Plain) 0,5 6.0 15.2 15 0.25* 0.17 

, J 1 ^ 1 1 


Note : Orientation 1 

Isopropanol test fluid 
* indicates flow test 










VI. CONCLUSIONS AND RECOMMENDATIONS 


This study has inviistigated the basic phenomena of the effects of Vibration 
on the liquid retention capability of fine-mesh screens. The problem of 
the response of a screen to vibration was analytically evaluated in detail. 

A test program considering a large number of variables that influence screen 
response was conducted. Data were acquired and analyzed from 551 individual 
Vibration tests. 


The pressure differential due to the vibration was measured during the 
tests. These data give a basic understanding of the amplitude, waveform 
and characteristics of the vibrational pressure. The key factor in the 
screen response is the amplification of the vibrational pressure due to 
harmonics of the screen-liquid system. It was found that the retention 
capability is influenced by the positive peak pressure (lowering the liquid 
pressure with respect to the gas on the other side of the screen) due to 
the vibration. These pressure data also displayed the non-linear character- 
istics of the screen specimens. Loosely supported screens relieved the 
negative vibrational pressure, so the pressure was positively biased. A 
"softening spring" stiffness was noted, indicating that the response of the 
screen is influenced by the gas/liquid interface at the screen pores. 

Another non-linear effect was the localized screen breakdown due to the 
oscillation of small portions of a screen panel. These results establish 
that the vibrational response of a typical surface tension device is a 
highly non-linear, multi -degree of freedom problem. 

It was found that the effect of the surface tension device orientation 
with respect to the vibration axis was proportional to the length of the 
liquid column, supported by the screen, parallel to the vibration axis. 

The orientation of the screen weave had no noticeable effect. 

The screen support method significantly affects the screen response. Bulk 
displacement of the screen, primarily when the screen can deflect into the 
controlled liquid region, reduces the sensitivity of the screen to vibra- 
tion. A support method that allows or enhances the localized oscillation 
of the screen, increases the sensitivity of the screen to vibration. The 
finer mesh screens are more susceptible to the localized oscillation, in- 
creasing th^ir relative vibration sensitivity. 

Liquid flow and dual screen elements can influence the harmonics and the 
response to vibration, in general decreasing the sensitivity in comparison 
to the single element, static case. 

Prediction of the effects of vibration was most successful using the hydro- 
static model that was developed in prior studies. This model can predict 
the effects of sine vibration at frequencies below the first harmonic of 
the system ('v 5 Hz for the test model used here). Near the harmonics, the 
amplification would have to be known. The modal predicts the effects of 
random vibration for rigid screen specimens and specific vibration spectra. 
The shape of the random spectrum and the screen support method definitely 
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influence the screen response, but are not directly considered by the 
hydrostatic model. It appears that successful use of the hydrostatic 
model will require that test data for a representative model, using the 
actual spectrum, be acquired. It would primarily serve as a means of 
scaling, based on the vibration level and liquid properties. 

Limited verification of the structural dynamics model, developed under 
this program, was achieved. It was based on the premise that the effect 
of vibration is hydrostatic in nature, which was verified by the results 
of the hydrostatic model. However, the model dynamics were based on a 
linear, single degree of freedom system, which these tests have shown is 
not the case. The localized screen oscillation and other non-linear effects 
made it impossible to sort out the coefficients for the model from the data 
acquired. 

The investigation of the effects of vibration on surface tension devices 
should be continued. Two approaches are recommended. First, an empirical 
approach based on the hydrostatic model should be followed. This should 
be directed toward random vibration and typical surface tension devices. 

It should be established that test data can be gathered and applied to an 
actual surface tension device, installed in a tank. 

The second approach is to continue to study the basic phenomena of the 
response of the screen to vibration, Basic specimens, similar to those 
tested under this program but free of the localized oscillation effects, 
should be tested and the verification of a dynamics model continued. Mass 
and flow effects need to be more extensively investigated. As confidence 
in the model is gained, the non-linear effects could then be considered. 

Through these two approaches to the problem of screen vibration, reliable 
analytical methods of predicting the effects of vibration may then become 
available. 


AIPENDIX A 


BUBBLE GROWTH MODEL 


Pjrtisonted in this appendix is a description of the bubble growth model 
and the development of this model that was performed under this pro- 
gram. The application of this model to the analysis of screen vibra- 
tion is discussed in Chapter III. 


The bubble growth model evaluates the response of the gas/liquld 
interface to pressure transients. Screen breakdown can be viewed 
os the growth and detachment of a gas bubble at a screen pore. The 
model is based on a theoretical derivation of the dynamic response of 
a gas bubble. Each aspect influencing the response of the screen can 
be incorporated into the analysis, A detailed description of the model 
can be found in Reference III-2. During this program the bubble 
growth model was refined and adapted to the specific conditions of 
interest. 


The structural dynamics model (see Chapter III) is essential to the 
use of the bubble growth model. The time varying pressure of the 
liquid, as calculated by the structural dynamics model, is input to 
the bubble growth model. 

SCREEN PARAMETERS 

Parameters that account for the geometry of the screen are also input 
to the bubble growth model. The screen geometry determines the 
capillary pressure at a pore and the resistance to gas flow through 
the screen. 

The capillary pressure at the pore must be defined as a function of 
the volume of the gas bubble. Only by simplifying the screen geo- 
metry, as shown in Figure A-1, can this capillary pressure be cal- 
culated. 


The gap between the wires is the pore radius, which is derived from 
the bubble point of the screen (see Appendix C for a list of symbols). 



The radius of the wire is the average of the warp and shute wire 
radii. 


The contact angle is assumed to be zero, as it is for most propellants. 
Contact angles other than zero could be considered. Since the pores 
are very small, capillary forces will dominate gravity forces, even 
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in one-g, so a sseeo-g interface can be assumed*. Therefore the inter- 
face at Che pore is a segment of a sphere with radius R, tangent to 
the wires. The capillary pressure across Che interface can be ex- 
pressed as 

AP » . (2) 


In a dimensionless form, based on the minimum pore radius, the equa- 
tion becomes 


APr _ 2jr 

IT ** R * 


C3) 


Using the flat interface, having a capillary pressure of zero as a 
reference, the volume of the gas bubble can be calculated based on 
the defined screen geometry. 

The parameters necessary to calculate the capillary pi*essure for 
each of the screens to be evaluated under this program are listed 
in Table A-1. The calculated variation of capillary pressure with 
bubble volume is shown in Figure A-2. The bubble volume (\'‘) is also 
placed in dimensionless form. 

In this dimensionless form all of the screens have a curve of the 
same basic shape. The relative size of the screen pore and the 
wires causes the differences bcttA7oen the curves. Some Interesting 
results can be noted in the figure. The progression of the curves 
from left to right is not the same order as based on increasing 
bubble point. The 50 x 250 and 200 x 1400 screen are the most ob- 
vious exceptions. This may be an indication of the relative capa- 
bility of the screens in response to vibration. 

Attempting to experimentally verify the curves in Figure A-2 would be 
difficult. Highly accurate measurements of the volume change re- 
lated to a single pore would be required. There are factors that 
provide some confidence that the curves properly represent the capil- 
lary pressure. Obviously, the volume is zero when the capillary pres- 
sure is zero. The maximum capillary pressure is known from the bubble 
point. 

The two dashed curves in Figure A-2 establish boundaries for the 
curves for any screen. One of the dashed curves is for a spherical 


*For an extreme condition of oxygen (smallest kinematic surface ten- 
sion of the liquids of interest), 200 x 200 screen (largest pore of 
the screens of interest) , and a one-g acceleration, the Bond number 
based on the pore radius is 2 x 10”*^. The Bond number would have to 
be greater than 0.1 before there would be anv significant change in 
the capillary pressure. Only when the gas bubble becomes very large 
would any influence of the acceleration be noted. 
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Table A-l. Screen Parameters 


Screen 

(Wires per Inch) 

Weave 

Bubble Point 
with Isopropyl 
Alcohol 
cm. of H_0 
(in. of H^O) 

Pore 

Radius, 

Microns 

(Inches) 

Wire 

Diameter 

Warp 

oim. 

(in.) 

Shute 

mm 

(in.) 

325 X 2300 

Dutch Twill 

61.0 

■ 

7.26 

.038 

,025 



(24.0) 

(2.86 X 10 ) 

(.0015) 

(.00X0) 

200 X 1400 

Dutch Twill 

41.4 

10.7 , 

.071 

.041 



(16.3) 

(4.21 X 10" ) 

(-0028) 

(.0016) 

165 X 800 

Dutch Twill 

19.6 

22.7 

.071 

.051 



(7.7) 

(8.94 X 10 ) 

(-0028) 

(.0020) 

165 X 800 

Plain Dutch 

24.1 

19.1 . 

.051 

.036 



(9.5) 

(7.53 X 10’^) 

(.0020) 

(.0014) 

80 X 700 

Plain Dutch 

15.5 

28.5 

.102 

. 076 



(6.1) 

(1.12 X 10"3) 

(.0040) 

(.0030) 

50 X 250 

Dutch Ti'/ill 

8.9 

51.8 

.127 

.114 



(3.5) 

! (2.04 X 10"3) 

(.0050) 

(.0045) 

850 X 155 

Robust a 

28.4 

^5*6 -4 

.030 

,102 



(11.2) 

(6.1 ’3 X 10 ) 

(.0012) 

(.0040) 

200 X 200 

Square 

9.7 

45.5 . 

,053 

.053 



(3.8) 

(1.79 X lO”-^) 

(.0021) 

(.0021) 










bubble, not attached to a surface. All the curves are asymptotic to 
the spherical bubble curve and have essentially converged after the 
capillary pressure (APr/sr) has fallen below about 0,6. A boundary 
for bubble volumes after the maximum capillary pressure is established 
by this curve. The dashed curve for a large pore is based on the 
limiting condition that the wire radius is negligible in comparison 
to the pore radius. All curves for a real screen must be shifted to 
the right of this curve. 

Bubble growth after the bubble point of the screen has been exceeded 
is of prime interest, since this is the condition under which screen 
breakdown can occur. For that reason, the shape of the curve up to 
the bubble point is not critical. 


Based on the above factors, the only uncertainty lies in the volume 
of the bubble at the maximum capillary pressure. If it was known, 
the entire curve would then be adequately defined. 

The other geometric parameter is the coefficient that defines the 
resistance to gas flow through the screen. This flow* resistance 
is one factor that limits the growth rate of the gas bubble due to 
an applied pressure differential. Based on Reference A-1, the flow 
resistance for a screen can be expressed as 

AF^ ^ npV^ + K^V . (4) 


This approach to characterizing the flow resistance has been widely 
used and verified. 

2 

For the screens, fluids and flow velocities of interest, the pV 
term is negligible in comparison to the jxV term. 

Therefore, 

AF^ = K/iV . (5) 


However, the equations in Reference A-1 apply to an area of screen. 

To apply the expression to a single pore a pressure balance: 

AP^ = K^V = KpMVp (6) 

(where the subscripted variables are for the screen pore) and 
continuity: 

pAV = pA V N (7) 

H p p 


(where N is the number of pores in area A) must be considered. From 
the above two expressions 


K 


AN 
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By definition the righthand side of the equation, is the void 
fraction, f' . Therefore 


AP- . 

f p 


( 9 ) 


The flov^ velocity can be expressed as a function of the bubble 
volume 


V 

P 


i ^ 

A dt 


( 10 ) 


where A is now the orifice area. 


Using expressions for'/'and A, based on the pore and bubble geometry, 
the velocity is 


Vp - 4(f)' ff . (11) 

Therefore 

APj - 4SK^(f)' ff . (12) 

The values of K and B can be calculated using equations provided 
in Reference A-1. Values of these coefficients for the screens of 
interest are listed in Table A-2o B'quations for a Robusta weave are 
not provided in Reference A-1, so the equations for a plain Dutch 
screen were used, reversing the identification of the warp and shute wires 
(i.e,, the 850 x 155 Robusta weave was assumed to be a 155 x 850 
plain Dutch weave). 

The accuracy of the coefficients in the bubble growth model x^ere 
evaluated in detail to establish the best approach to adjusting the 
model in the process of correlation X'Jith test data. The most un- 
certainty resides in the curve for the capillary pressure of a pore 
versus the bubble volume. 

If the maximum capillary pressure (bubble point) and the general 
form of the curve are held constant, the curve can be shifted by 
varying the volume of the bubble at the maximum capillary pressure. 

A number of trial cases were computed to establish the influence of 
that volume on the response of the pore. The response of the screen 
is defined in terms of an effective pressure, which is a steady pres- 
sure that produces the same effect on the screen retention as the 
transient applied pressure. The change in the effective pressure was 
less than 0,57o of the bubble point for an increase in 1007c of the 
calculated volume. These results indicate that variations of this 
volume, over a reasonable range, does not provide a means of varying 
the response of the pore. 
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Table A-2. Coefficients Loss 


Screen 

(wires per inch) 

Weave 

325 X 2300 

Dutch Twill 

200 X 1400 

Dutch Twill 

165 X 800 

Dutch Twill 

165 X 800 

Plain Dutch 

80 X 700 

Dutch Twill 

50 X 250 

Plain Dutch 

850 X 155 

Robust a 

200 X 200 

Square 



Coefficient 

Void Fraction 

e 

K 

1 ''em 
(1/in.) 

0.297 

1.16 X 10^ 

(2.94 X 10^) 

0.267 

9.49 X 10^ 
(2.41 X 10^) 

0.430 

1.77 X 10^ 
(4.51 X 105) 

0.598 

1 

5.08 X 10^ 
(1,29 X 10^) 

0.368 

2.09 X 10^ 
(5.32 X 10 ) 

0.616 

1,41 X 10^ 
(3.58 X 10^) 

0.503 

7.70 X 10^ 
(1.96 X 10^) 

0.642 

1.60 X 10^ 
(4.08 X 10 ) 




The coefficient for the flow loss through the screen pore should be 
used to achieve correlation. This was the approach used when pre- 
dictions from this model were compared with the response of a screen 
to pulsed flow (Ref. III-2). The coefficient is based on the work 
of Armour and Cannon (Ref. A-1). Our experience, including recent 
tests as part of the Space Shuttle Reaction Control System Tank Pro- 
gram, has indicated that the Armour and Gannon relations are at most 
about 30% conservative (i.e., predicts a pressure differential greater 
than measured). Data from another experimental program covering a 
wide range of screen meshes tends to substantiate that result 
(Ref, A-2), 


Therefore a certain range of variation of this coefficient is permis- 
sible. Since the coefficient has been modified to account for a 
single pore, further uncertainty has been introduced. This coeffi- 
cient is the only means of adjusting the model so it will Inherently 
account for any other inaccuracies in the model, thus becoming more 
than a specifically identified orifice coefficient. After correlation 
has been achieved, the coefficient will correct the screen response, 
as analytically defined, to the actual physical case. 

BUBBLE INERTIA 

From the previous development of the bubble growth model (Ref. III-2), 
the inertia of the liquid interface was described using the basic 
Rayleigh equation for a spherical bubble in an infinite liquid. The 
kinetic energy of the liquid mass for spherical bubble growth is 
represented as (Ref. A-3); 

Kinetic energy == (13) 

Equating the total kinetic energy to the work done by the liquid, 
yields the Rayleigh equation. 

The bubble growth problem being analyzed here can be more accurately 
described by a spherical bubble attached to a flat surface. In this 
case, the kinetic energy has been calculated to be (Ref. A-4): 

K.E. = 9.35p(^)^ R^. (14) 


Therefore, the Rayleigh equation is modified by a coefficient to 
account for the presence of the surface. 



1.49p 


2''dt'’ 


+ R 



(15) 


where APj = pressure differential due to inertia. This improvement 
has been incorporated into the model. 
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STATIC CONDITIONS 


Consideration was also given to incorporating all the variables that 
would be encountered during the testing into the model. Under non- 
tlovj conditions, an input steady pressure differential accounts for 
the hydrostatic pressure due to one-g. When flow takes place, tj -’"s 
same term can account for the sum of the steady pressure differentials 
acting at a screen pore. The magnitude of this differential is input 
to the model, based on a measured value or a separate calculation. 

The thermodynamic state of the liquid is primarily accounted for by 
its pressure and temperature, and the saturation temperature at that 
pressure. Under non-equilibrium thermal conditions, vaporization of 
the liquid could contribute to the growth of a bubble at the screen 
pore. However, our primary interest here is in various conditions of 
liquid subcooling with thermal equilibrium. It was expected that the 
degree of subcooling would not strongly influence the point of first 
breakdovm of the screen, but could significantly effect the screen 
response following initial breakdown. Once gas is on both sides of 
the screen pore, dryout may rapidly take place if there is little 
subcooling. 

SAMPLE CASES 

Some trial cases were analyzed with the model, using the coefficients 
derived in the above. It was assumed that a sinusoidal vibration 
produced a sinusoidal variation of the liquid pressure adjacent to the 
screen. A 200 x 1400 Dutch twill screen and isopropyl alcohol liquid 
were selected. For this analysis the retention of the screen was 
based on either a stable or unstable response of the bubble growth at 
a screen pore. A stable response occurs as a periodic growth and 
collapse of the bubble, with no net increase in size. For now, it 
will be assumed that detachment of the bubble does not occur during 
a stable response. 

An unstable response is the continued growth of the bubble. A typi- 
cal unstable response is shown in Figure A-3. With each cycle of the 
pressure the bubble radius undergoes a net increase. Detachment of 
the bubble is inevitable in this case, so an unstable response always 
leads to screen breakdown. 

An effective pressure was calculated for an applied peak pressure 
over a range of frequencies. The results for two values of peak 
pressure, referenced to the bubble point, are shown in Figure A-4, 
These analytical results indicate that even at frequencies as low as 
10 Hz, the screen does not respond to the peak pressure of the tran- 
sient. As frequency increases, the effective pressure continues to 
decrease. The difference between the effective pressure and the 
bubble point is the maximum amount of steady pressure differential 
that can be applied in conjunction with the vibration, without caus- 
ing screen breakdown. 
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Pressure Di£ferential4.(psi) 



100 



Frequency (Hz) 

Figure A-4. Effective Pressure for Sinusoidal Pressure Variation 







The actual passage of gas through the screen occurs when the gas 
bubble Is detached from the screen pore. As discussed above, if 
the response is unstable, the bubble continues to grow and detach- 
ment (screen breakdown) is inevitable. If the growth of the bubble 
is stable, this does not necessarily mean that Screen retention is 
maintained. During the stable response the bubble may reach a size 
such that the forces acting on the bubble will cause detachment. 


E. BUBBLE DETACHMENT 


The growth of a gas bubble at the screen pore, in response to a pres- 
sure transient, can be either stable or unstable. Unstable growth 
implies that the applied pressures will continue to cause a net in- 
crease in the bubble size with time. The actual passage of gas 
through the screen (screen breakdown) occurs when the gas bubble is 
detached from the screen pore. If the bubble growth response is un- 
stable, the continued growth makes detachment inevitable. During the 
stable response of the gas bubble, detachment may or may not occur 
depending on the forces acting on the bubble. 


In general, the interest is in the point of incipient screen break- 
down, v^here only a few of screen pores have begun to break down. 

For this regime it can be assumed that there will be no influence 
from adjacent pores and the forces on the bubble produced by the 
dynamic interaction of the bubble and the surrounding liquid are 
negligible. 


1. Non-flow Condition 


Under non-flow conditions, gravity forces are the prime means of 
causing bubble detachment. The mass of liquid displaced by the bubble 
produces a buoyant force that is opposed by the surface tension force 
where the bubble contacts the screen. A balance of forces, making 
use of the defined bubble geometry yields the following expression 
for the radius at which the bubble will detach due to buoyancy: 


R = 


R i 


1/3 


3 

2 Bo 




. ( 16 ) 


where Rq is the radius of the line of contact between the bubble and 
the screen. 


The variables R and Rq are dimensionless, being referenced to the 
minimum pore radius (r). The Bond number is also referenced to the 
minimum pore radius as follows: 


Bo 


- P§£- 

~ (T 


( 17 ) 


The radius of the line of contact is defined as; 
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R (1 *<■ \) 

R + R 
w 

where R is the dimensionless wire radius, 
w 


<X8) 


The possibility of bubble detachment due to buoyancy is evaluated by 
considering the maKlmum radius achieved by the bubble during a stable 
response. The value of R^ is calculated for the maximum bubble radius 
using equation (18). A value for R is then calculated using equation 
(16) and is compared to the original value for R. If the value from 
equation (16) is the smaller, the bubble does detach due to buoyancy. 
Scteen breakdown does not occur as long as the maximum size ot the 
bubble does not exceed the valus? given by equation (16). 


The gravity force can also oppose the surface tension force at the 
interface of the bubble, it the direction ot the acceleration tends 
to cause flow of liquid through the pore. If the gravity force 
exceeds the surface tension force along the interface, the interface 
of the bubble will collapse upon itself, causing detachment. This 
mechanism of detachment was evaluated by calculating the shape of the 
interface at the pore, as influenced by gravity forces, and establish- 
ing a limit for the existence of the interftace. It was found that 
for a given liquid and acceleration level, buoyancy will cause de- 
tachment before that limit is reached. 

The bubble radius for buoyant detachment was evaluated for a one-g 
acceleration. Of the typical propellants, liquid oxygen presents the 
worst casG because of its low kinematic surface tension (Freon 11, 
one of the test liquids, has similar properties). Three screens, 
representing the span of meshes being considered, were evaluated. 

The parameters calculated are listed in Table A-3. The point of 
detachment is best represented by calculating the capillary pressure 
of the bubble at the point of detachment and comparing it to the 
bubble point of the screen. The values for capillary pressure listed 
in Table A-3 are relatively lox^. For such values of capillary pres- 
sure to be reached during stable bubble growth, the static pressure 
applied to the system would have to be of similar magnitude and the 
peak pressure of the transient would have to be much larger than the 
bubble point. Under low-g conditions it can be seen that buoyant 
detachment becomes much less significant. 

2. Flow Condition 


When there is liquid flow, parallel to the screen surface t.rithin a 
surface tension device, the shear force acting on the bubble can 
cause detachment. A surface tension force again opposes the Shear 
so the balance of forces yields: 




4 R 


Cq We 


1/2 


(19) 
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ToblG A-3. Bubble Detachment for Liquid Oxygen 




Screen Mesh 


Buovancv 

325x2300 
Dutch Twill 

165x800 
Dutch Twill 

200x200 
Sauare Weave 

Bond Number for one-g 

4.39 X 10"^ 

4.30 X 10“^ 

1.73 X 10“3 

R 

47.8 

20.1 

11.1 

Percent of Bubble Point 

2.09 

4.97 

8.99 

Shear 




Weber Number for 
U = .3 m/sec (Ift/sec) 

0.0574 

0.179 

0.359 

R 

21.1 

10,2 

5,95 

Percent of Bubble Point 

4.74 

9.78 

16.8 
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(20) 


The Weber number is referenced to the minimum pore radius. 



where the flow velocity (U) is parallel to screen. 

The drag coefficient (Cp) is a function of the Reynolds number of the 
bubble and can be found in most fluid mechanics text books (e.g., 

Ref. k^5) . 

The value of U can cover a wide range, dependent on the flow rate 
from the tank and the configuration of the surface tension device, 

A value of 0.3 m/sec (1.0 ft/sec) was selected as a representative 
upper limit for the flow velocity. Having picked a velocity, oxygen 
would again give the worst case condition due to its small kinematic 
surface tension. The calculated values are again presented in 
Table A-3. At large flow velocities, shear is the more likely cause 
of bubble detachment. Liquid flow in a high-g environment would 
require the valuation of the combined effects of shear and buoyancy. 

The theory upon which the above described bubble detachment is based 
can be found in the literature regarding gas bubble generators (e.g,, 
Ref. A-6 and A-7), and has been well verified with experimental 

data. 
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APPENDIX B 


TEST DATA 

The following tnble is a compilation of the measured data from selected 
vibration tests. These tests v;ere selected from Table IV-4 as being repre- 
sentative of the total test program. All of these selected tests were per- 
formed using the single element model and there was no outflow. The model 
was Installed in orientation 1 on the shaker unless otherwise noted in the 
table. Most of the listed tests were performed using isopropyl alcohol as 
the test liquid, except for tests 62 (Freon 113) and 63 (Freon 11). Pre- 
sented in this table are the specific conditions of each vibration test. 

The results of the test that are presented are the frequency and peak 
positive amplitude of the pressure differential due to vibration at the 
first harmonic of the system, and the occurrence of screen breakdown is 
noted along with the degree v>f breakdown. 
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Type o£ Vibration 

Acce lerauion 
g Peak 
for Sine 

Ullage 

Test 

Screen 

S ine J 

gRMS for 

Height 



Frequency 

Hs 

! 

Breakdown • 

I Betnarks 


So i 

AP not recorded 

15 

No 

Ap at top of laodol 

15 

No - 

AP 2.5 (1.0 in) down 

15 

No S 

AP 5.1 ctn (2.0 in) down 

15 

No i 

Ap 10.2 cm (4.0 in) down 

15 

No ! 

AP 15.2 cm (6.0 in) down 

15 

, So 

AP iq.l cm (?.5 in) dawn 

16 

No i 


20 

No 



Excessive ■ 

Break started at S ! z 


Significant 

AP not recorded 

14 

Significant 

AP at top of node! 

8 

S ignif leant 

AP 10.2 cm (4.0 in) down 

20 

Significantj 

AP 10.2 cm (4.0 in) down 

20 

[ Significant 

AP at top of model 

20 

[ Significant 

A? 10.2 cm (4.0 in) down 

25 

Significant 

AP 10.2 cm (4.0 in) down 

25 

Significantj 

Ap at top of model 

25 

Significants Ap gt top of model 

25 

Significant 

AP 10.2 cm (4,0 in) down 

30 

Significant. 

AP 10,2 cm (4.0 in) down 

30 

Significant 

AP at top of model 

30 

Significant 

AP 10.2 cm (4.0 in) down 

15 

No 



Significant 

No good 

20 

Significant 


25 

Significant 


25 

Significant 


30 

Significant 


S 

Significant 



Slight 

Flat 8 to 500 Kz spectrum 


Slight 



Significant 

















Ullage 

Peak AP 

Heigh 

t 

N/cm^ 

cm(in 

.) 

(psi) 

30.5 

(12.0) 


27.4 

(10.8) 


26.2 

(10.3) 


24.1 

(9.5) 


20.3 

(8.0) 


17.8 

(7.0) 


15.2 

(6.0) 


15.2 

(6.0) 


10.2 

(4,0) 



Frequency 

Hz Breakdown 


Remarks 


5.9 

8.9 

20. 3 
30.5 

25.4 

15.2 

30.5 

22.4 
27.9 

38.1 

20.3 

30.5 

29.2 

25.4 
Drain 

25.4 
'38.1 

38.1 

38.1 

31.8 

30.5 

27.9 

26.7 

24.1 

17.8 


(3.5) 

(3.5) 

(8.0) .45 

(12.0) .41 

( 10 . 0 ) 1 
( 6 . 0 ) 

(12.0) 1.41 

(8.8) .47 

(11.0) j.43 

(15.0) .30 

(8.0) |.31 

(15.0) 1.45 

(11.5) 1.43 

( 10 . 0 ) 

( 12 . 0 ) 
(15.0) 
(15.0) 

(15.0) 

(12.5) 

( 12 . 0 ) 
( 11 . 0 ) 

(10.5) 

(9.5) 

(7.0) 


(.65) 

(.60) 


(.60) 

(. 68 ) 

(.82) 

(.43) 

(.45) 

(.65) 

(.62) 


Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 

Slight 

Significant 

Significant AP nat recorded 
No 

Significant 

Significant 

Significant 

No 

No 

Significant 

Significant 

Significant AP not recorded 
Significant AP not recorded 
Significant AP not recorded 
No Flat 8 to 500 Hz spectrum 

No 

No ; 

Significant 

Significant 

Significant 

Significant 

Significant 

Significant 


I 

I 




W-f. 



Test 

No. 

Screen 

Specimen 

Type of Vibration 

Acceleratic 
g Peak 
for Sine 
gRMS for 
Random 

1 S ine 1 

Random 

Sweep 

Dwell 

14 

6 



X 

3.0 





X 

3.4 





X 

3.8 





X 

4.5 


7 

X 



2.0 



V 

.A. 



2o0 



X 



2.0 




X 


2.0 




X 


2.0 



V 



1.0 



X 



1.0 



X 



1.0 



X 



1.0 



X 



1.0 



X 



2.0 



X 



1.0 




X 


2.0 




X 


2.0 





X 

0.3 





X 

0.4 





X 

0.7 





X 

1.0 

t 




X 

1.3 

■ -I ■ 



X 

1.6 

' % 

' i- 



X 

2.0 





X 

2.5 





X 

3.1 





X 

3.6 

19 

8 

X 



2.0 



X 



2.0 



X 



1.0 



X 



JL . 0 



X 



1.0 



X 



1,0 



X 



2.0 


























Test 

No. 

Screen 

Specimen 

Type of Vibration 

Acceleration 
g Peak 
for Sine 
gRMS for 
Rand om 

mmmm 



Dwell 

19 

8 


X 


2.0 




X 


2.0 



X 



2o0 



X 



0.5 



X 



0.5 





X 

0.2 





X 

0.4 





X 

0.6 





X 

0.9 





X 

1.0 





X 






X 






X 






X 

2.0 





X 

2.3 





X 

2.5 





X 

2o8 





X 

3.1 





X 

3.1 





X 

3.5 





X 

3.5 





X 

3.9 





X 

4.4 

20 

9 

X 



2.0 



X 



2.0 



X 



2.0 



X 



1.0 



X 



1.0 




X 


1.0 




X 


1.0 




X 


1.0 



X 



0.5 


Ull 

Hex 

cm 


32.! 

38.; 

15.: 

20 .: 

30. ! 
38.; 
38.; 
38.; 
38.; 
38.. 
38.; 
35. f 
34.: 

31. ! 
30.! 
27.! 
11 J 
IIJ 
26.; 
25 .^ 

26 o! 

19.: 


14. ( 

20 .: 

15. : 
10 .; 
20 .; 
15.: 
15.: 
15. ( 
15. ( 
20 .: 


0.2 


38. 


0.4 38. 

0.6 38. 


( 12 . 8 ) 

(15.0) 

( 6 . 0 ) 
( 8 . 0 ) 
( 12 . 0 ) 
(15.0) 
(15.0) 
(15.0) 
(15.0) 
(15.0) 

(15.0) 

(14.0) 
(13.5) 

(12.4) 

(12.0) 
(U.O) 
(10.8) 
(10.8) 

(10.5) 

( 10 . 0 ) 

(10.5) 

(7.5) 

(5.5) 
( 8 . 0 ) 
( 6 . 0 ) 

(4.0) 

( 8 . 0 ) 
(6.0) 
(6.0) 
(5.9) 
(5.9) 
( 8 . 0 ) 

(15.0) 

(15.0) 
(15.0) 


X 

X 

X 


Frequericv 


.22 (.32) 

.43 (.62) 
.21 (.30) 
.43 (,63) 


.55 (.80) 
.55 (.80) 
.24 (.35) 
.09 (.13) 
.21 (.30) 


Breakdown 

■ Remarks 

Significant 


No 

AP not recorded 

No 

Reference line disconnected 

No 


S light 


No 

Flat 8 to 500 Hz spectrum 

No 


No 


No 


No 


No 


Significant 


Significant 


Significant 


Significant 


Significant 


Significant 


Significant 


S ignif leant 


Significant 


Significant 


Significant 


Significant 


Excessive 

AP not recorded 

Excessive 

AP not recorded 

Significant 

AP not recorded 

Excess ive 

AP not recorded 

Slight 


Significant 


Significant 


Significant 


Slight 


No 

Flat 8 to 500 Hz spectrum 

No 


No 




















Test 

Screen 

Type ( 

3f Vibration 

Acce leration 
g Peak 
for Sine 

Ullage 

Sine 

Random 

gKMS for 

Height 

No. 

Specimen 

Sweep 

Dwell 

Random 

cm(in.) 

20 

9 



X 

1.0 

34.3 (13.5) 





X 

1.3 

31.8 (12.5) 





X 

1.5 

27.9 (11.0) 





X 

1.8 

25.4 (10.0) 





X 

2.0 

21.6 (8.5) 





X 

2o3 

19.1 (7.5) 





X 

2.5 

14.0 (5.5) 





X 

2.8 

12.7 (5.0) 





X 

3.1 

11.4 (4.5) 





X 

3.5 

10.2 (4.0) 





X 

4.0 

7.9 (3.1) 

21 

10 

X 



2.0 

20.3 (8.0) 



X 



2.0 

15.2 (6.0) 



X 



2.0 

10.2 (4.0) 



X 



1.0 

20.3 (8.0) 



X 



1.0 

15.2 (6.0) 




X 


1.0 

9.1 (3.6) 




X 


1.0 

19.1 (7.5) 



X 



0.5 

20.3 (8.0) 



X 



1.0 

20.3 (8.0) 



X 



1.0 

15.2 (6.0) 




X 


1.0 

Drain 





X 

0.2 

38.1 (15.0) 





X 

0.4 

38.1 (15.0) 





X 

0.6 

38.1 (15.0) 





X 

0.8 

38.1 (15. C) 





X 

1.0 

31.8 (12.5) 





X 

1.3 

29.2 (11.5) 





X 

1.5 

17.8 (7.0) 





X 

1.7 

16.5 (6.5) 





X 

1.9 

12.7 (5.0) 





X 

2.1 

11.4 (4.5) 





X 

2.4 

9.7 (3,8) 
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Test 

No. 

Screen 

Specimen 

Type of Vibration 

Acceleration 
g Peak 
for Sine 
gBMS for 
Random 

Ullage 
Height 
cm(in. ) 

Peak AP 
N/cm^ 
(psi) 

Frequency 

Hz 

Breakdown 

Remarks 

Sine 

Rand om 

Sweep 

Dvrell 

24 

11 

X 



0.5 

20.3 (8.0) 

.17 (.25) 

18 

No 




X 



0.5 

30.5 (12.0) 

,23 (.33) 

20 

Significant 




X 



1.0 

20.3 (8.0) 

.24 (.35) 

14 

Slight 




X 



1.0 

25.4 (10.0) 

.28 (.40) 

10 

Excessive 




X 



1.0 

15.2 (6.0) 

.28 (.40) 

27 

Slight 


26 

12 

X 



0.5 

20.3 (8.0) 



Excess ive 

Break at 5 Hz 



X 



0.5 

15.2 (6.0) 

.21 (.30) 

43 

Significant 




X 



0.5 

15.2 (6.0) 



Slight 

Continue to 500 Hz 




X 


0.5 

12.7 (5.0) 

.13 (.19) 

50 

Significant 





X 


0.5 

12.7 (5.0) 

.14 (.20) 

50 

Significant 





X 


0.5 

14.7 (5.8) 

.13 (.19) 

60 

Significant 





X 


0.5 

21.6 (8.5) 

.08 (.12) 

40 

Significant 


28 

13 

X 



0.5 

15.2 (6.0) 

.13 (.19) 

13 

Excessive 

Break at 5 Hz 




X 


0.5 

16.5 (6.5) 

.08 (.11) 

20 

No 





X 


0.5 

17.8 (7.0) 

.08 (.11) 

20 

Excessive 





X 


0.5 

19.1 (7.5) 

,07 (.10) 

30 

(No 





X 


0.5 

Drain 


30 

Excessive 





X 


0,5 

26.2 (10.3) 

.07 (.10) 

40 

Significant 





X 


0.5 

28.7 (11.3) 

.06 (.08) 

50 

1 Slight 




X 



0.8 

15.2 (6.0) 

.19 (.27) 

7 

Significant 




X 



0.8 

10.2 (4.0) 

.21 (.30) 

18 

Significant 


34 

18 

X 



0.5 

6.4 (2.5) 

,02 (.03) 

5 

No 




X 



0.5 

20.3 (8.0) 

.10 (.15) 

22 

Significant 





X 


0.5 

20.3 (8.0) 

.08 (.12) 

20 

Significant 





X 


0.5 

21.1 (8.3) 

.08 (.11) 

30 

Significant 





X 


0.5 

23.6 (9.3) 

.06 (.09) 

40 

Significant 




X 



0.8 

15.2 (6.0) 

.10 (.15) 

19 

No 




X 



0.8 

25.4 (10.0) 



Excessive 

Break at 5 Hz 



X 



0.8 

20.3 (8.0) 



Excessive 

Break at 5 Hz 



X 



0.8 

17.8 (7.0) 



Excessive 

Break at 5 Hz 



X 



0.8 

17.8 (7.0) 



Excessive 

Break at 5 Hz 

36 

26 

X 



0.5 

10.2 (4.0) 



No 

No first mode 



X 



0.5 

12.7 (5.0) 



Slight 

No first mode 



X 



0.8 

10.2 (4.0) 

, 



Excessive 

Break at 5 Hz 



Acceleration 
g Peak 

Type of Vibration for Sine Ullage 

Test Screen Sine gRMS for Height 

HOo Specimen Sweep! Dwell Random Ran-om cm(in.) 



Frequency 

i Hz Breakdown 


Remarks 


I Peak AP 
I N/ cm^ 

! (psi) 


■■■ 


No 

AP not recorded 

; .03 (.04) 

5 

No 




Excessive 


.06 (.08) 

7.5 

No 


.06 (.09) 

9.5 

No 


.06 (.08) 

12 

Significant 


.07 (.10) 

13 

No 


.08 (.12) 

10 

No 


.04 (.06) 

20 

Significant 



20 




20 


Move AP 

.03 (.05) 

6 

No 


.05 (.07) 

8 

No 


.04 (.06) 

6. 

Excessive 

Break at 6.5 Hz 

.10 (.15) 

18 

Slight 


.05 (.07) 

20 

No 


.05 (.07) 

20 

Significant 


.02 (.03) 

30 

No 


.08 (.11) 

30 

No 


o08 (.11) 

30 

Excessive 


.05 (.07) 

7 

Slight 


.03 (.05) 

7 

Excessive 


.05 (.07) 

15 

Excessive 




Excessive 

AP erratic 



Significant 

AP erratic 


20 

No 

AP amplitude too Iot 


20 

Significant 

and erratic 


30 

Excessive 



30 

Slight 




Excessive 

Break at 5 Hz 

.17 (.25) 

21 

Excessive 


.21 (.30) 

42 

Slight 


.12 (.18) 

15 

Significant 


.12 (.18) 

20 

Significant 

1 











Test 

No. 

Screen 

Specimen 

Type of Vibration 

Acceleration 
g Peak 
for Sine 
gKMS for 
Random 

Ulia ge 
He ight 
cm (in . ) 

Peak AP 
N/cm 
(psi) 

Frequency 

Hz 

Breakdown 

Remarks 

1 S ine 

Pv.andom 

Sweep 

Dwell 

49 

16 


X 


0.5 

19.8 (7.8) 

.16 (.23) 

25 

Significant 





X 


0.5 

30.5 (12.0) 

.08 (.1?) 

30 

Significant 





X 


0.5 

29.2 (11.5) 

.08 (.11) 

30 

Significaur 





X 


0.5 

14.? (5.8) 

.21 (.31) 

40 

Significant 





X 


0.5 

18.5 (7.3) 

.17 (.25) 

50 

Significant 





X 


0.5 

Drain 


30 





X 



0.8 

15.2 (6.0) 

.19 (.27) 

35 

Excess ive 




X 



0.8 

10.2 (4.0) 

.26 (.37) 

29 

Significant 


62 

ii 

X 



1.0 

15.. 2 (6.0) 



Excess ive 

AP not recorded 

(Freon 113) 

X 



loO 

10.2 (4.07 



Significant 

AP not recorded 



X 



1.5 

10.2 (4.0) 



Excessive 

AP not recorded 

63 

11 

X 



1.0 

15.2 (6.0) 



Excessive 

AP not recorded 

(Freon 11) 

X 



1.0 

10.2 (4.0) 



Significant 

AP not recorded 

L_ 


X 



1.5 

10.2 (4.0) 



Excessive 

AP not recorded 
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SYMBOLS 


A 

a, b 


A,B 


Bo 

c 



f 

F 

g 


g 

rms 

h 

h 

s 

k 

L 

m 


eff 

n,K 

N 

AP 

AP 

c 

AP^ 

Ap 


Area - (ft^) 

Screen dimensions - m (ft) 

Model dimensions - m (ft) 

Bond number 

System damping - N sec/m (Ibf sec/ft) 

Drag coefficient 
Flow amplification factors 
Frequency - Hz 
Force - N (Ibf) 

Acceleration - m/sec^ (g) 

Overall gRMS level of random vibration - m/sec^ (g) 
Height - m (ft) 

Height of screen exposed to ullage - m (ft) 

System stiffness - N/m (Ibf/ft) 

Characteristic flow length - m (ft) 

System mass - Kg (Ibm) 

System effective mass - Kg (Ibm) 

Geometric coefficients for a particular screen 
Number of pores 

Pressure differential - N/m^ (Ibf/ft^) 

Screen bubble point with test liquid - N/m^ (Ibf/ft^) 
Pressure differential due to inertia - N/m^ (Ibf/ft^) 
Pressure differential due to flow - N/m^ (Ibf/ft^) 
Hydrostatic pressure due to bulk liquid - N/m^ (Ibf/ft^) 


vseums Mfitium rnttmu* 
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AP 

V 

% 

^2 

^3 

Q 

r 

r , R 
w w 

R 

R 


s 


t 
t 

c 

T 

U 

V 

V 

We 

X, Y, Z* 
P 


OJ 

o 

A 

€ 


2 2 

Total pressure differential - N/m (Ibf/ft ) 

2 2 

Pressure differential due to vibration - N/m (Ibf/ft ) 
Displacement coordinate - m (ft) 

Screen center displacement coordinate - m (ft) 
Oscillatory vibration response coordinate - m (ft) 

Liquid outflow coordinate - m (ft) 

Orifice flow coordinate - m (ft) 

Dynamic amplification factor 
Minimum pore radius - m (ft) 

Wire radius - m (ft) 

Bubble radius - m (ft) 

Radius of the line of contact between the bubble and the 
screen - m (ft) 

Time - sec 

Screen thickness - m (ft) 

2 2 2 2 
Kinetic energy - Kg m /sec (Ibm ft“/sec ) 

Liquid flow velocity *- m/sec (ft/sec) 

Gas flow velocity - m/sec (ft/sec) 

3 3 

Bubble volume - m (ft ) 

Weber number 

2 2 

Sinusoidal vibration input modulii - m/sec (ft/sec ) 

3 3 

Liquid density - Kg/m (Ibm/ft ) 

Liquid surface tension - N/m (Ibf/ft) 

Gas viscosity - Kg/msec (Ibm/ft sec) 

System natural frequency - radians/sec 
Length - m (ft) 

Void fraction 
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